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SUMMARY 


A  durability  and  damage  tolerance  data  base  for  aluminum  casting  alloys 
A357-T6  and  A201-T7  was  developed.  AMS  material  specifications  for  premium 
quality  aluminum  castings  issued  in  1986  were  selected  for  use  during  the 
program.  The  specifications  Included  new  alloy  designations,  which  were  used 
throughout  this  final  report.  The  designations  are  D357  (AMS  4241)  and  B201 
(AMS  4242)  . 

A  new  ultrasonic  NDI  method  called  Frequency  Attenuation  Inflection 
(FAI)  was  evaluated  to  determine  the  type  and  amount  of  defects  in  D357  and 
B201  aluminum  castings.  Results  were  compared  with  standard  X-ray  radiography 
and  microstructural  data.  The  effects  of  surface  roughness,  material 
thickness,  and  nonparallel  surfaces  on  the  FAI  results  were  determined. 

An  in-service  low  frequency  eddy-current  method  was  evaluated  for 
detecting  the  presence  of  cracks  under  fasteners  in  D357  and  B201 
substructures  through  alominum  face  sheets  of  varying  thickness.  Both 
titanium  and  steel  fasteners  were  used. 

Relationships  among  chemical  composition,  heat  treatment,  solidification 
rate,  microstructure,  and  mechanical  properties  of  the  premium  quality  casting 
alloys  D357-T6  and  B201-T7  were  investigated.  Tensile,  notched  tensile,  and 
fatigue  life  properties,  as  well  as  microstructural  features,  were  determined 
as  a  function  of  solidification  rate,  aging  treatment,  and  alloy  composition. 
Multiple  regression  analyses  were  conducted  to  determine  correlations  among 
the  process  variables  and  mechanical  properties.  Sr  (silicon  modifier)  and  Ag 
had  the  most  significant  effect  on  the  properties  of  D357-T6  and  B201-T7, 
respectively . 

Specifications  for  both  alloys  were  developed  and  a  durability  and 
damage  tolerance  (DADT)  property  data  base  for  D357-T6  and  B201-T7  cast  plates 
produced  by  three  commercial  foundries  was  obtained.  Tensile,  fatigue,  anH 
fracture  toughness  properties  were  determined  and  microstructural  and 
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fractographic  evaluations  were  performed.  The  fatigue  data  (stress- life  and 
crack  growth  rate)  were  used  to  calculate  an  equivalent  Initial  flaw  size  for 
both  alloys  to  assess  the  applicability  of  current  military  DADT 
specifications  to  castings.  The  DADT  property  data  base  was  used  as  a 
baseline  to  assess  the  effect  of  defects  (D357-T6)  and  nonoptimum 
microstructure  (D357-T6  and  B201-T7)  on  mechanical  properties. 

Four  large,  complex  aerospace  castings  (wing  pylons)  were  produced  and 
tested  to  confirm  that  the  data  base  developed  for  cast  plates  can  be  applied 
to  large  aircraft  castings. 

Where  required,  modifications  to  existing  specifications  (material  and 
DADT)  were  recommended  based  on  the  program  results. 

A  revised  version  of  AMS  4241  specification  (D357)  for  use  in  the 
manufacture  of  durability  and  damage  tolerance  aircraft  components  was 
submitted  to  the  Society  of  Automotive  Engineers.  If  approved,  this  will  be  a 
new  specification  for  DADT  applications. 
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SECTION  I 
INTRODUCTION 


The  use  of  castings  for  aircraft  applications  offers  the  potential  for 
significant  cost  and  weight  savings  compared  with  built  up  structures. 
Recurring  cost  reductions  greater  than  30  percent  are  possible  through  reduced 
machining  and  assembly  costs.  Weight  savings  can  be  achieved,  for  example,  by 
eliminating  lap  joints  and  fasteners.  A  reduction  in  fastener  holes  decreases 
the  number  of  potential  flaw  initiation  sites.  Castings  also  allow  greater 
shape  flexibility  compared  with  built-up  structures. 

Castings  are  not  currently  used  in  fatigue-critical  aircraft  structure 
because  of  the  inability  to  accurately  inspect  thick  sections,  and  a  lack  of 
durability’  and  damage  tolerance  (DADT)  data  and  design  allowables  that  take 
into  account  the  effects  of  inherent  casting  discontinuities  and 
microstructural  features  on  DADT  properties.  The  absence  of  the  required  DADT 
data  for  castings  precludes  compliance  with  the  current  military  DADT 
specifications,  MIL-A-83444  and  MIL-A-87221.  As  a  result,  it  is  not  possible 
to  take  advantage  of  the  inherent  cost  and  weight  savings  of  castings  for 
fatigue-critical  aircraft  applications. 

The  goals  of  the  "Durability  and  Damage  Tolerance  of  Aluminiun  Castings" 
(DADTAC)  program  were  to  (1)  investigate  a  nondestructive  inspection  (NDI) 
technique  that  has  the  potential  for  providing  a  quantitative  assessment  of 
the  discontinuities  present  in  aluminum  castings,  (2)  identify  the  process 
variables  and  discontinuities  that  influence  the  DADT  properties, 

(3)  characterize  the  DADT  properties  of  the  aluminum  casting  alloys  A357  and 
A201,  and  (4)  recommend  revisions  to  material,  process,  and  DADT 
specifications . 

The  alloys  evaluated  in  the  DADTAC  program  were  required  to  meet  the 
tensile  properties  and  composition  of  AMS  specifications  4241  [1]  (D357)  and 
4242  [2]  (B201) ,  respectively,  though  a  requirement  for  a  silicon  modifier  was 
added  to  AMS  4241.  Therefore,  A357  and  A201  are  referred  to  as  D357  and  B201 , 
respectively,  throughout  this  final  report,  per  the  AMS  specifications. 
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The  program  results  and  conclusions  are  described  in  Sections  k  through 
12.  Data  are  summarized  as  averages  where  possible  to  .simplify  their 
presentation.  The  individual  test  results  are  included  in  Appendices  A- I  for 
those  readers  who  wish  to  analyze  the  resul.ts  in  more  detail.  The  recommended 
specification  revisions  for  D357  and  B201  are  described  in  detail  in 
Appendices  J  and  K,  respectively.  Appendix  L  includes  the  hydrogen  gas 
content  of  failed  fatigue  specimens.  The  hydrogen  gas  measurements  were 
obtained  by  Wright  Laboratory  for  specimens  tested  in  Phase  I,  Task  3. 
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SECTION  2 
OBJECTIVE 


The  overall  objective  of  the  DADTAC  program  was  to  generate  durability 
and  damage  tolerance  data  for  premium  quality  aluminum  castings  and  advance 
foundry  technology  to  expedite  the  use  of  these  castings  in  primary  aircraft 
structures . 


3 


SECTION  3 


PROGRAM  approach 

The  DADTAC  program,  which  consists  of  three  phases,  is  summarized  in 
Figure  1.  A  brief  description  of  the  technical  activities  associated  with 
each  phase  is  provided  below. 

3.1  PHASE  I  -  DADT  OF  ALUMINUM  CASTINGS  QUALITY  ASSESSMENT 

3.1.1  Task  1  -  NDI  Assessment 


A  state-of-the-art  NDI  method  for  determining  the  soundness  of  the  cast 
plates  and  components  tested  during  the  program  was  evaluated  in  conjunction 
with  the  program  NDI  consultant,  Dr.  L.  Adler  of  Ohio  State  University.  The 
objective  was  to  establish  more  accurate  information  of  the  size,  location, 
and  types  of  discontinuities  in  the  test  castings  than  is  currently  available 
using  conventional  radiographic  methods. 

3.1.2  Task  2  -  Alloy  Characterization 

Concurrent  with  Task  1,  the  effects  of  process  variables  on  the 
durability  and  damage  tolerance  (DADT)  properties  of  D357-T6  and  B201-T7  were 
assessed.  Screening  tests  were  conducted  to  identify  the  process  variables 
that  provided  the  optimum  balance  of  tensile  and  DADT  properties  for  each  of 
the  two  alloys.  Additional  castings  were  then  made  using  the  process 
variables  that  provided  the  optimum  properties,  and  their  DADT  properties  were 
comprehensively  characterized.  This  material  became  the  I’aseline  for  the 
technical  effort  during  the  remainder  of  the  program. 

3.1.3  Task  3  -  Effects  of  I  fects  on  DADT  Properties 

The  effect.s  of  discontinuities  and  metallurgical  features 
(microstructure)  on  the  DADT  properties  of  D357-T6  wire  determined.  Because 
emphasis  during  the  program  was  on  D357-T6,  only  the  effect  of  microstructure 
on  properties  was  determined  for  B201-T7. 


Figure  1.  Program  Outline 
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3,1.4  Task  A  -  Applicability  of  DADT  Specifications  to  Aluminvim  Castinp.s 


The  applicability  of  the  MIL-A-83444  and  MIL-A-87221  specifications  to 
D357-T6  and  B201-T7  aluminum  castings  was  assessed,  based  on  the  data 
generated  in  Tasks  1-3. 

3.2  PiiASE  II  -  DADT  OF  ALUMINUM  CASTINGS  QUALITY  VERIFICATION 

During  Phase  II,  the  DADT  properties  obtained  during  Phase  I,  Task  2 
were  confirmed  by  testing  specimens  excised  from  D357  aircraft  castings. 

After  considering  several  existing  castings,  an  inboard  F-5  wing  pylon  was 
chosen.  Four  castings  of  the  selected  design  were  produced  based  on  the 
processing  and  material  specification  guidelines  from  Phase  I,  and  were  then 
subjected  to  NDI  and  DADT  property  evaluations.  The  results  were  compared 
with  those  obtained  during  Phase  I  to  ensure  that  the  process  requirements  can 
be  scaled-up  from  small  cast  plates  to  a  large  aircraft  casting. 

In  addition,  cast  plates  were  produced  from  which  .specially-designed 
element  test  specimens  were  excised  to  as.sess  the  durability  and  damage 
toleraiice  characteristics  of  D357.  Test  results  were  compared  with 
analytically-derived  life  predictions  using  Phase  I  test  data. 

3.3  PHASE  III  -  DADTAC  PROGRAM  DATA  CONSOLIDATION 

In  Phase  III,  the  results  of  Phases  I  and  II  were  consolidated. 

Revisions  to  material  and  process  specifications  were  recommended  for  pieraium 
quality  aluminum  castings  for  primary  aircraft  structure.  A  D357-T6 
specification  for  durability  and  damage  tolerance  application.s  was  submitted 
to  the  Society  of  Automotive  Engineers  for  review  and  approval  as  an  AMS 
specification.  Modifications  to  existing  damage  tolerance  specifications, 
such  as  MIL-A-83444  and  MIL-A-87221,  were  also  investigated.  MlL-A-87221 
replaced  MIL-A-83444. 
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SECTION  4 

PHASE  I,  TASK  1  -  NDI  ASSESSMENT 


4 . 1  INTRODUCTION 

The  objectives  of  this  task  were  (1)  to  select  and  evaluate  the  most 
promising  nondestructive  inspection  (NDI)  method  for  detecting  and  quantifying 
casting  defects,  and  (2)  to  evaluate  an  eddy  current  technique  for  detecting 
the  presence  of  cracks  similar  to  those  sometimes  found  in  aircraft 
substructure . 

To  implement  castings  in  fatigue  critical  applications,  defects  in  cast 
components  must  be  detected  and  quantified  to  assure  acceptable  durability. 
Inspection  of  castings  for  Internal  defects  has  conventionally  been 
accomplished  by  X-ray  radiography.  However,  conventional  radiography 
sensitivity  is  limited  to  detecting  defect,?  that  are  greater  than  about  one 
percent  of  the  part  thickness.  As  part  thickness  increases,  the  minimum 
detectable  flaw  size  increases  and  small  flaws  may  not  be  detected.  With 
these  limitations,  defects  that  may  be  detrimental  to  mechanical  properties 
may  remain  undetected  in  thicker  sections.  Current  Air  Force  -  sponsored 
research  in  computer  tomography  and  backscatter  imaging  tomography  (BIT)  has 
significantly  advanced  the  ability  to  radiographically  evaluate  thick 
castings.  Defect  detection  and  sizing  capabilities  are  greatly  improved.  BIT 
is  especially  important  for  the  NDI  of  thick  structures,  in  which  resolution 
of  near-surface  defects  are  critical.  However,  these  methods  will  be  neither 
cost-effective  nor  applicable  for  a  foundry  environment. 

NDI  methods  were  considered  with  a  view  to  selecting  an  alternate  or 
complementary  method  to  radiography  that  would  allow  both  qualitative  and 
quantitative  assessment  of  defects  in  castings  that  are  thicker  than  about 
0.75  inch.  An  ultrasonic  technique  named  Frequency  Attenuation  Inflection 
(FAI)  was  chosen  because  of  the  promising  results  shown  during  initial 
evaluations  by  Northrop  before  commencing  the  contract  activities.  The  FAI 
technique  was  developed  by  Dr.  L.  Adler  [3]  at  Ohio  State  University  (OSU)  and 
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tailored  for  this  program  through  a  cooperative  effort  between  Dr.  Adler  and 
Northrop  NDI  personnel. 

The  DADTAC  contract  evaluations  Included  testing  D357  and  B201  cast 
plates  that  contained  a  range  of  typical  casting  defects.  A  total  of  34  D3.57 
and  B201  plates  In  two  thicknesses  were  cast  (1.2.3  inch  and  3.0  inch).  Each 
plate  was  inspected  using  both  standard  X-ray  radiography  with  a  one  percent 
sensitivity  and  ultrasonic  C-scan  methods.  Six.  of  the  34  plates  that 
contained  representative  amounts  and  types  of  casting  defects  were  then 
selected,  based  on  the  radiographic  and  C-scan  results,  for  a  detailed  NDI 
analysis.  The  detailed  analysis  consisted  of  inspecting  the  six  plates  using 
the  FAI  technique,  followed  by  slicing  the  as-cast  plates  into  thinner  plates 
and  reinspecting  the  slices  using  radiography,  C-scans,  and  the  FAI  method. 
Microstructural  analyses  of  the  defects  using  image  analysi.s  were  also 
conducted  to  determine  the  type  and  amount  of  defects  present.  The  results  of 
the  microstructural  and  NDI  analyses  were  then  compared  to  assess  the  accuracy 
of  the  F'AI  technique  compared  with  the  conventional  methods  for  detecting 
defects  in  castings.  The  effects  of  surface  roughness  and  nonparallel 
surfaces  on  the  defect  detection  sensitivity  of  the  FAI  technique,  were  also 
determined.  Cast  surfaces  are  often  not  flat  or  parallel,  and  the  effect  of 
these  conditions  on  defect  detection  capabilities  must  be  evaluated.  In 
addition,  welding  defects  were  intentionally  produced  in  two  otherwise  defect - 
free  plates  and  were  evaluated  by  X-ray,  C-scan,  and  FAI  methods. 

In  the  second  portion  of  Task  1,  an  eddy  current  technique  for  detecting 
cracks  emanating  from  fastener  holes  was  evaluated.  Cracks  originating  from 
fastener  holes  are  the  most  common  in-servico  flaws  and  can  be  difficult  to 
detect  without  removing  the  fasteners.  The  eddy  current  method  was  developed 
for  wrought  material  structures  by  Northrop  under  an  Air  Force  contract 
(F33615-81-C-5100)  entitled  "Manufacturing  Technology  for  Advanced  Second 
Layer  NDE  System."  The  approach  in  the  current  program  was  to  prepare 
si  mulated  component  substructures  from  D3I;7  and  B201  with  fatigue  -  Induced 
cracks  of  different  lengths  emanating  from  holes.  Face  sheets  of  7075-T6  of 
three  different  thicknesses  were  fastened  to  the  pre-cracked  subcomponents 
using  steel  or  titanium  fasteners,  and  the  eddy  current  technique  was  used  to 
detect  the  presence  of  the  cracks.  The  two  types  of  fasteners  were  used 
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beca\ise  steel  (magnetic)  and  titanium  (nonmagnetic)  require  the  use  of 
different  probes  and  different  crack  detection  evaluation  methods.  Both  the 
location  and  the  magnitude  of  the  cracks  were  determined.  The  results  were 
compared  with  the  known  location  and  dimensions  of  the  fatigue  -  induced  cracks. 

4.2  NDI  METHODS 

4.2.1  FAI  Technique 

The  equipment  used  for  the  FAI  evaluations  consisted  of  an  ultrasonic 
transducer  mounted  on  a  traveling  bridge  assembly.  Ultrasonic  pulse  signals 
were  transmitted  through  water  to  the  casting  and  were  reflected  back  to  the 
transducer  and  monitored  by  a  computer.  The  time  delays  in  signal 
transmission/reception  and  the  changes  in  the  signal  characteristics  were  then 
analyzed  using  the  computer  to  give  the  pore  size  and  overall  average  percent 
porosity  in  the  area  under  the  transducer. 

Figure  2  is  a  block  diagram  that  illustrates  the  FAI  system.  The 
computer  digitized  and  stored  the  ultrasonic  waveforms  and  performed  the 
defect  parameter  calculations.  A  transducer  and  pulser/receiver  with  usable 
bandwidths  between  2  and  20  megahertz  were  used  to  generate  ultrasonic  pulses. 
Both  the  front  and  back  surface  echoes  were  digitized  and  stored  using  a 
Tektronix  transient  digitizer.  Waveforms  were  digitized  with  a  temporal 
resolution  of  less  than  2  nanoseconds  between  points.  Control  over  gating  and 
gain  was  exercised  by  the  computer.  The  distance  from  the  transducer  to  the 
front  surface  of  the  plates  and  the  specimen  thickness  were  determined  by  the 
computer  from  the  time  delays  required  in  gcuing.  Waveforms  were  time- 
averaged  to  reduce  noise.  A  correlation  routine  was  used  to  remove  the 
effects  of  electrical  and  mechanical  jitter  during  v;aveform  averaging  Irirg 
this  routine,  the  shift  in  time  between  waveforms  due  to  jitter  was  determined 
before  the  waveforms  were  averaged.  Waveforms  were  then  shifted  by  the 
appropriate  time  delay  and  averaged. 
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Figure  2.  FAI  Equipment 
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The  frequency  spectrums  of  the  front  and  back  surface  waveforms  were 
calculated  using  a  fast  Fourier  transform  algorithm.  Figure  3  shows  typical 
front  and  back  surface  echoes  and  their  resulting  frequency  spectra.  The 
spectrum  of  the  back  surface  signal  is  deconvolved  by  the  spectrum  of  the 
front  surface  signal.  Attenuation  coefficients,  with  appropriate  corrections 
for  all  geometric  losses,  are  obtained  for  the  selected  frequency  range.  The 
Inflection  or  turning  point  in  the  attenuation  versus  frequency  plot  is  used 
to  determine  the  average  pore  size  and  volume  fraction  in  the  cylindrical 
volume  sampled  by  the  transducer.  Inflection  occurs  at  the  intersection  of 
the  low  frequency  and  high  frequency  scattering  parameters  and  is  dependent  on 
pore  size. 

For  isotropic  materials,  a  fairly  sharp  peak  in  the  derivative  of  the 
attenuation  versus  frequency  curve  is  predicted  by  theory  and  observed  in 
experiment  [4].  This  peak  occurs  for  aluminum  at  an  average  pore  radius  R  (in 
cm)  of 


R  -  0.108/fp  Eq.  4-1 

where  fp  is  the  frequency  in  megahertz  at  which  the  peak  occurs,  and  0.108  is 
a  factor  accounting  for  the  effective  size  of  a  pore  and  Poisson's  ratio. 

The  average  percent  porosity,  C,  was  determined  by  m> asuring  the 
attenuation  at  fp,  and  calculated  using  the  following  equation  [4]: 

C  -  122  .  exp  .  R  Eq.  4-2 

where  ocp  is  the  attenuation  in  nepers/cm  at  fp,  R  is  the  average  pore  radius 
in  cm,  and  122  is  a  factor  which  is  related  to  the  average  cross  section  of  a 
pore  and  to  Poisson's  ratio.  The  mathematical  assumptions  made  in  developing 
the  FAI  technique  were  based  on  the  assumption  that  the  defects  are  spherical 
voids . 


The  equations  for  R  and  C  (Eqs.  4-1  and  4-2,  respectively)  do  not 
account  for  multiple  scattering  of  the  ultrasonic  waves  by  the  pores,  which 
makes  the  equations  accurate  only  for  relatively  low  levels  of  porosity  (<6 
percent).  This  is  a  common  assumption  in  calculations  of  this  type  [5],  The 
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Figure  3. 


Schematic  Illustration  of  the  FAI  Method 
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amount  of  porosity  found  In  cast  materials  is  usually  less  than  6  percent  (see 
Table  21) ,  indicating  that  this  assumption  is  unlikely  to  introduce  a  large 
error  in  calculating  the  percent  porosity  and  pore  radius. 

An  attenuation  correction  factor  due  to  scattering  of  the  ultrasonic 
waves  from  grain  boundaries  was  not  included  in  the  preceding  calculations  due 
to  its  relatively  minor  effect  on  ultrasonic  scattering  compared  to  that 
caused  by  porosity.  However,  during  the  course  of  the  program  a  lower  limit 
for  percent  porosity  of  0.2  percent  was  determined  experimentally  for  the  FAI 
technique  due  to  grain  boundary  effects.  Below  0.2  percent  porosity,  the 
attenuation  of  ultrasound  due  to  grain  boundary  scattering  approaches  that  due 
to  the  porosity. 

4.2.2  Ultrasonic  C-Scan 

A  block  diagram  of  the  ultrasonic  C-scan  system  used  for  casting 
evaluations  is  shown  in  Figure  4.  A  DEG  PDF  11/23  computer  was  used  for  data 
acquisition  and  storage,  and  for  control  of  the  transducer  mounted  on  the 
bridge  assembly.  A  Gould  image  processor  was  used  to  manipulate  the  data  and 
then  present  them  on  a  monitor. 

A  pulse/echo  arrangement  with  a  0 . 5- inch-diameter ,  10-MHz,  center 
frequency  ultrasonic  transducer  and  5. 9- inch  focal  distance  was  used  for  the 
C-scans.  Specimens  were  scanned  using  a  point-to-point  resolution  of  0.04 
inch.  The  peak  magnitude  of  the  back  surface  echo  was  digitized  to  12  bits 
resolution.  Attenuation  levels  of  the  resulting  C-scans  were  displayed  on  a 
monitor  in  sight  bit  gray  scale  for  analysis. 

4.2.3  Radiography 

Radiographs  achieving  a  one  percent  sensitivity  were  taken  of  the 
defect-containing  plates  both  by  the  foundries  and  a  Northrop-approved  X-ray 
laboratory  and  were  evaluated  according  to  ASTM  specification  E155. 
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Figure  4.  C-Scan  Ultrasonic  Imaging  System 
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4.2.4  Eddy  Current  Technique 


The  material  combinations  used  for  the  in-service  inspection 
investigation  are  shown  in  Figure  5,  and  a  schematic  of  the  eddy  current  probe 
test  equipment  is  shown  in  Figure  6.  Three  thicknesses  of  7075-T6  face  sheet. s 
were  used  in  conjunction  with  both  D357-T6  and  B201-T7  substructure.  A  total 
of  five  different  crack  lengths  were  produced  in  0.25-inch-  and  0.75-inch- 
thick  D357  and  B201  fatigue  specimens  by  constant  amplitude  fatigue  loading. 
Both  steel  and  titanium  fasteners  were  used  in  the  evaluations  to  determine 
their  effect  on  crack  detection  capability. 

Two  multisegment  eddy  current  probes  capable  of  detecting  flaws  in  both 
the  first  and  second  layers  of  bolted  aluminum  structures  were  used  in  these 
investigations.  A  sketch  depicting  the  differences  between  the  two  probes  is 
shown  in  Figure  7,  and  a  photograph  of  the  simulated  face  sheet,  substructure 
(fatigue  specimen),  and  the  probe  used  with  the  steel  fastener  is  shown  in 
Figure  8.  The  probes  consist  of  a  central  drive  coil  and  an  outer  ring 
segmented  into  16  separate  sensing  coils.  The  drive  coil  generates  an  eddy 
current  which  encircles  the  fastener  and  penetrates  the  face  sheet  and 
underlying  substructure.  Cracks  initiating  at  substructure  fastener  holes 
cause  a  perturbation  of  the  eddy  current  and  are  detected  as  a  change  in  the 
open  circuit  voltage  of  the  sensing  coils.  The  crack  length  and  location  can 
be  determined  simultaneously  without  moving  the  probe  or  removing  the 
fastener . 

A  graphical  representation  of  a  low  frequency  eddy  current  probe 
response  to  substructure  fastener  hole  cracks  is  shown  in  Figure  9.  Tlie  two 
peaks  on  the  graph  indicate  that  the  substructure  contained  two  cracks  located 
at  positions  number  6  and  14.  The  predicted  crack  lengths  were  0.24  inch  and 
0.26  inch  long,  and  are  similar  to  the  optical  measurements  of  0.227  inch  and 
0.257  inch.  The  derived  crack  lengths  were  determined  from  the  output  of  the 
eddy  current  probe  (in  millivolts),  using  an  empirically  determined  conversion 
factor,  which  depends  upon  the  thickness  of  the  face  sheet  and  substructure, 
as  well  as  the  face  sheet,  substructure,  and  fastener  materials. 

Determination  of  the  conversion  factor  for  different  application  ,  .  conducteil 
through  an  evaluation  of  a  standard  which  incorporates  a  known  crack  length 
and  the  same  material  type.s  and  thickness  as  those  to  be  inspected. 
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Figure  5.  Combinations  of  Face  Sheet,  Fasteners,  and 

Substructure  Used  for  In-Service  Eddy  Current 
Inspection 
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a.  Steel  Fastener  (Magnetic)  -  Hollow  Center  Probe  (HCP) 


b.  Titanium  Fastener  (Nonmagnetic)  -  Soild  Center  Probe  (SCP) 

Figure  7.  Schematic  Illustration  of  the  Probes  Used  With 
Steel  and  Titanium  Fasteners 
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Probe  Output  (mv) 


A. 3  DEFECT-CONTAINING  PIJVTES  FOR  FAI  METHOD  EVALUATIONS 


Thirty-four  cast  plates  that  contained  gas  porosity,  gas  holes, 
shrinkage  porosity,  shrinkage  sponge,  cold  shuts,  and  less -dense  and  more- 
dense  foreign  material  were  cast  specifically  for  this  task  by  Alcoa  (D3‘i7) 
and  Hitchcock  Industries  (B201).  The  alloys,  defect  types,  and  plate 
thicknesses  are  listed  in  Table  1.  All  plates  were  6  x  6  .x  1.25  inch  or  3 
inch  thick.  Two  defect-free  plates  were  also  cast  for  evaluation  of  welding 
defects  (lack  of  penetration,  lack  of  fusion,  porosity,  and  cracks). 

The  gas  defects  were  produced  by  intentionally  not  degassing  the  melt, 
pouring  at  a  higher  than  normal  melt  temperature,  adding  ammonium  chloride 
wrapped  in  aluminum  foil  to  the  melt,  or  blowing  argon  gas  into  the  mold 
during  pouring.  Shrinkage  defects  were  produced  by  nonoptimum  chili  and  riser 
placement.  The  cold  shut  was  produced  by  interrupting  the  pour.  Less-dense 
foreign  material  was  introduced  into  the  casting  by  overagitating  the  melt  to 
capture  aluminum  oxide  in  the  molten  aluminum,  by  pouring  the  melt  into  the 
risers  instead  of  the  pouring  cup,  or  by  removing  all  filters  and  screens  from 
the  runner  system.  The  more-dense  foreign  material  defects  were  obtained  by 
introducing  tungsten  and  iron  filings  into  the  melt  during  pouring. 

The  weld  defects,  lack  of  penetration  and  fusion,  porosity,  and  cracks, 
were  produced  by  using  non-standard  GTA  welding  procedures.  Dirty  electrodes 
were  used,  the  surfaces  of  the  castings  were  not  cleaned,  plates  were 
improperly  heated,  and  the  weld  grooves  were  intentionally  not  filled. 

4.4  RESULTS  AND  DISCUSSION 

The  defect-containing  plates  used  for  the  FAI  evaluations  were  initially 
screened  using  X-ray  radiography  and  C-scans.  The  objective  of  the  screening 
process  was  to  identify  six  plates  that  provided  a  selection  of 
alloy/defect/plate  thickness  combinations  for  detailed  FAI  evaluation.  The 
six  plates  that  were  selected  are  described  in  Table  2  and  were  selected 
because  (1)  the  defects  were  well-dispersed,  (2)  they  offered  a  comparison  of 
the  defect  detection  capability  for  different  plate  thicknesses,  and  (3)  in 
some  cases  more  than  one  grade  (B,  C)  was  available  for  a  given  defect. 
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TABLE  1,  DEFECT  TYPES  AND  PIATE  THICKNESS  OF  D357 
AND  B201  DEFECT-CONTAINING  PIJVTES 


DEFECT 

grade(I) 

PLATE  THICKNESS 

D357 

1.25  3.0 

<2)(IN) 

B201 

1.25 

Gas  Holes 

B 

X(3) 

X 

X 

Gas  Porosity 

B 

X 

X 

X 

C 

X 

Shrinkage  Cavity 

B 

X 

X 

X 

C 

X 

X 

X 

Shrinkage  Sponge 

B 

X 

X 

X 

C 

X 

X 

X 

Less  Dense 

Foreign  Material 

B 

X 

X 

X 

C 

X 

X 

X 

More  Dense 

Foreign  Taterial 

B 

X 

X 

X 

Cold  Shut 

B 

X 

X 

X 

Segregation 

B 

- 

- 

X 

Weld  Repair  Defect  B 

X 

- 

X 

(1)  According  to  MIL-A-2175 

(2)  All  plates  were  6  x  6  x  the  indicated  thickness 

(3)  'X'  indicates  the  plates  that  were  produced 
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TABLE  2.  DEFECT  PLATES  SELECTED  FOR  FAI  EVALUATION 


ALLOY 

THICKNESS 

(INCH) 

DEFECT 

TARGET 

GRADE 

B201 

1.25 

Shrinkage  Sponge 

B 

1.25 

Less  Dense  Foreign 

C 

D357 

3.0 

Gas  Porosity 

B 

1.25 

Gas  Porosity 

B 

3.0 

Less  Dense  Foreign 

B 

3.0 

Shrinkage  Sponge 

B 
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The  six  plates  were  initially  evaluated  by  Dr.  Adler  at  Ohio  State  University 
(OSU)  and  then  by  Northrop  to  determine  if  similar  results  could  be  obtained. 

All  six  plates  were  initially  evaluated  with  sandblasted  surfaces,  which 
represented  an  as -cast  or  finished  casting  surface.  Both  surfaces  of  each 
plate  were  then  machined  smooth  and  the  evaluation  was  repeated  to  determine 
the  effect  of  surface  roughness  on  the  FAI  results.  The  plates  were  cut  into 
slices,  which  were  then  evaluated.  A  comparison  was  made  between  the  results 
for  the  thinner  slices  and  those  for  the  full-thickness  plates.  The  slices 
had  machined  surfaces. 

After  completing  the  FAI  evaluation  on  the  slices,  areas  of  several 
plates  were  selected  for  microstructural  characterization  to  provide  a 
comparison  between  the  results  obtained  microstructurally  and  those  predicted 
from  the  P’AI  analysis.  In  addition,  FAI  results  for  plates  with  nonparallel 
sides  were  obtained  because  many  castings  have  complex  shapes. 

For  the  in-service  eddy  current  inspection  effort,  fatigue  cracks  were 
initiated  at  fastener  holes  in  D357  and  B201  specimens.  Face  sheets  of  three 
thicknesses  of  7075-T6  were  installed  over  the  precracked  substructure  using 
steel  or  titanium  fasteners.  The  effectiveness  of  the  eddy  current  method  for 
qualitatively  and  quantitatively  detecting  the  presence  of  the  cracks  was 
evaluated . 

The  results  from  the  evaluations  outlined  above  are  discussed  in  the 
following  subsections. 

4.4.1  FAI  Evaluation  of  the  Full -Thickness  Plates 

Prior  to  conducting  the  FAI  tests,  a  grid  consisting  of  nine  2  x  2 -inch 
squares  was  marked  on  one  surface  of  each  plate  and  each  square  was  identified 
with  a  number  from  1  to  9.  Both  Ohio  State  University  (Dr.  Adler)  and 
Northrop  obtained  measurements  at  the  center  of  each  of  the  nine  squares  using 
a  0. 5 -inch-diameter  probe,  so  that  the  data  from  the  two  sources  could  be 
compared.  The  results  are  shown  in  Tables  3  and  4,  which  include  the  pore 
radius  and  average  percent  porojity  data  for  sandblasted  and  machined  (smooth) 
surfaces,  respectively. 


26 


TABLE  3.  FAI  PORE  RADIUS  DATA  FOR  DEFECT -CONTAINING  PLATES 


DEFECT/ 

ALLOY 

GRADE/ 

THICKNESS 

AVERAGE  PORE 

RADIUS*  (/im) 

NORTHROP 

OHIO  STATE 
UNIVERSITY 

SAND¬ 

BLASTED 

MACHINED 

SAND¬ 

BLASTED 

MACHINED 

Shrinkage 

Grade  B/ 

79 

79 

77 

65 

Sponge/ 

3  inches 

D357 

Shrinkage 

Grade  B/ 

151 

139 

140 

119 

Sponge/ 

1.25  inch 

B201 

Gas 

Grade  B/ 

163 

151 

147 

133 

Porosity/ 

3  inches 

D357 

Gas 

Grade  B/ 

134 

130 

116 

101 

Porosity/ 

1.25  inch 

D357 

Less -Dense 

Grade  C/ 

67 

67 

61 

52 

Foreign 

1.25  inch 

Materia?./ 

B201 

Less -Dense 

Grade  B/ 

60 

70 

** 

** 

Foreign 

3  inches 

Material/ 

D357 

*  Average 

of  nine  areas 

per  plati 

e 

**  None  detected 
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TABLE  4.  FAI  PERCENT  POROSITY  DATA  FOR  DEFECT-CONTAINING  PLATES 


AVERAGE 

POROSITY* **  (%) 

DEFECT/ 

GRADE/ 

NORTHROP 

OHIO  STATE 
UNIVERSITY 

ALLOY 

THICKNESS 

SAND¬ 

BLASTED 

MACHINED 

SAND¬ 

BLASTED 

MACHINED 

Shrinkage 

Sponge/ 

D357 

Grade  B/ 

3  inches 

0.3 

0.3 

0.3 

0.3 

Shrinkage 

Sponge/ 

B201 

Grade  B/ 
1.25  inch 

1.4 

1.5 

1.6 

1.3 

Gas 

Porosity/ 

D357 

Grade  B/ 

3  inches 

0.7 

0.6 

0.7 

0.6 

Gas 

Porosity/ 

D357 

Grade  B/ 
1.25  inch 

1.3 

1.3 

1.1 

1.1 

Less -Dense 
Foreign 
Material/ 
B201 

Grade  C/ 
1.25  inch 

0.4 

0.2 

0.4 

0.4 

Less -Dense 
Foreign 
Material/ 
D357 

Grade  B/ 

3  inches 

0.2 

0.1 

** 

** 

*  Average  of  nine  areas  per  plate 

**  None  detected 
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Because  the  plates  were  relatively  thick,  an  accurate  radiographic 
assessment  of  defect  content  and  grade  could  not  be  made,  particularly  for  the 
3 -inch- thick  plates.  The  grades  shown  in  Tables  3  and  4  were  those  that  were 
targeted  for  each  plate. 

The  results  of  the  Joint  evaluations  by  Northrop  and  Ohio  State 
University  (OSU)  show  that  the  pore  radius  and  percent  porosity  data  were 
within  experimental  scatter  for  both  sandblasted  and  machined  surfaces. 
Therefore,  it  was  concluded  that  the  FAI  technology  developed  at  OSU  by  Dr. 
Adler  had  been  duplicated  in  Northrop' s  NDI  Research  Laboratory. 

The  differences  in  the  average  pore  radius  and  percent  porosity  results 
for  the  sandblasted  and  machined  surfaces  were  small.  The  overall  trend 
indicated  a  slightly  lower  value  for  the  machined  surfaces  than  for  those  that 
were  sandblasted,  which  is  in  good  agreement  with  analytical  predictions 
derived  at  OSU  [41. 

The  average  RMS  roughness  values  for  the  sandblasted  and  machined  plate 
surfaces  were  210  and  62  microinches,  respectively.  The  increased  roughness 
of  the  sandblasted  surfaces  provided  a  higher  value  for  pore  radius  and 
percent  porosity  because  of  increased  ultra.sonic  wave  scattering  compared  with 
the  machined  surface.  However,  a  compensation  factor  could  be  developed  to 
minimize  the  discrepancy.  This  can  be  accomplished  by  assuming  a  Gr.ussian 
distribution  of  the  RMS  surface  roughness,  which  can  be  determined  by 
mechanical  or  ultrasonic  means.  By  fitting  the  spectral  attenuation  of  the 
front  surface  echo  to  an  analytical  equation,  the  attenuation  of:  the  back 
surface  echo  can  be  calculated.  A  complete  derivation  and  explanation  of  the 
effects  of  surface  roughness  on  ultrasonic  attenuation  can  be  found  in 
Reference  4. 

The  FAI  evaluations  of  the  plates  that  contained  less-dense  foreign 
material  did  not  indicate  increased  ultrasonic  scattering  due  to  the  presence 
of  foreign  material.  The  data  represent  low  background  levels  of  other 
discontinuities,  such  as  porosity.  There  was  no  difference  between  these 
measurements  and  those  obtained  for  squares  in  the  same  plate  that  did  not 
contain  foreign  material.  This  result  was  not  unexpected  since  the  FAI  method 
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was  derived  from  a  model  which  assumed  the  defects  to  be  unfilled  spherical 
pores.  All  defect  size  predictions  are  based  on  this  assumption. 
Unfortunately,  the  interaction  of  ultrasound  with  less-dense  foreign  material 
is  significantly  different  from  its  interaction  with  a  void  or  gas-filled 
pore.  Thus,  a  different  defect  model  is  required  to  size  foreign  material. 
Foreign  material  can  be  detected  using  ultrasound  but  an  extended  feasibility 
study  (such  as  that  in  Reference  3)  is  necessary  to  establish  the 
detectability  of  different  foreign  materials  depending  on  size  and 
concentration, 

4.4.2  Correlation  Between  FAI  Results  for  Plates  and  Slices 

After  evaluating  the  six  1.25  inch  and  the  3.0  inch  thick  plates,  they 
were  cut  into  slices,  each  of  which  was  about  0.6  inch  thick.  Two  slices  were 
obtained  from  the  1.25  inch  thick  plates  and  four  or  five  were  obtained  from 
the  3.0  inch  thick  plates.  All  slices  were  6x6  inches  in  area.  The 
surfaces  of  the  slices  were  machined  parallel  and  were  marked  with  the  same 
2  X  2 -inch- square  grid  pattern  that  was  used  for  the  plates  so  that  the  NDI 
evaluations  of  the  slices  coincided  exactly  with  those  for  the  whole  plates. 
Therefore,  it  was  possible  to  provide  e  defect  map  of  the  thick  plates  from 
the  data  for  the  slices,  which  allowed  a  determination  of  the  effect  of 
thickness  on  the  FAI  results  to  be  made.  Some  material  was  lost  due  to  saw 
cuts  and  machining,  which  represented  about  15  percent  of  the  original  plate 
thickness . 

Each  slice  was  individually  X-rayed  by  an  independent  laboratory  that 
serves  the  casting  community  to  determine  if  the  soundness  and  the  defect 
content  were  as  expected  and  In  agreement  with  the  data  obtained  for  the 
thicker  plates.  X-ray  radiography  is  subject  to  defect  detection  limitations 
for  1 . 25- inch-thick  material,  even  using  a  one  percent  sensitivity,  and  would 
detect  only  the  very  largest  defects  in  3- inch- thick  material. 

The  FAI  data  (Northrop)  for  the  plates  and  slices,  summarized  in  Table 
5,  are  the  average  percent  porosity  and  pore  radius  values  for  the  nine 
squares  in  each  plate  and  corresponding  slices.  The  results  for  the  three 
types  of  defects  shown  in  Table  5  are  discussed  separately  below. 
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TABLE  5.  CORRELATION  BETWEEN  FAI  DATA  FOR  PLATES  AND  SLICES 


DEFECT 

PLATE 

PERCENT 

POROSITY 

PORE  RADIUS  (nm) 

GRADE/ALLOY  THICKNESS 

(INCH) 

plate(I) 

SLICES(2) 

plate(^) 

SLICES(2) 

Gas  Porosity 
Grade  B/D357 

3 

0.6 

1.4 

151 

93 

Grade  B/D357 

1.25 

1.3 

1.6 

130 

105 

Shrinkage  Soonae 
Grade  B/D357(3) 

3 

0.3 

0.3 

79 

73 

Grade  B/B201 

1.25 

1.5 

2.3 

139 

94 

Foreign  Material 
Grade  B/D357 

3 

0.1 

0.1 

70 

10 

Grade  C/B201 

1.25 

0.2 

0.2 

67 

38 

(1)  Machined  surfaces  -  Northrop  data 

(2)  All  the  slices  were  approximately  0.6  inch  thick 

(3)  Plate  was  supposed  to  contain  shrinkage  sponge,  but  actually 
contained  gas  porosity 
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Gas  Porosity  Plates.  X-ray  radiography  of  the  slices  cut  from  each  of 
the  two  gas  porosity  plates  (3  inches  and  1.25  inches  thick)  showed  that  the 
overall  plate  soundness  grades  were  similar  to  those  of  the  slices.  Fifty- 
four  individual  2  x  2 -inch  squares  were  graded.  Of  these,  36  squares  were 
Grade  B  gas  porosity;  the  remaining  18  squares  were  Grade  C  gas  porosity. 
Twelve  of  the  Grade  C  squares  were  in  the  3- inch- thick  plate. 

There  was  a  significant  difference  between  the  FAI  results  for  the  3- 
inch-thick  plate  and  corresponding  slices.  The  average  percent  porosity  and 
pore  radius  for  the  plate  and  slices  was  0.6  percent  and  1.4  percent,  and  150 
/jm  and  93  ^m,  respectively.  For  the  1 . 25- inch- thick  plate,  the  differential 
between  the  plate  and  slice  data  was  much  less,  i.e.  1.3  percent  versus  1.6 
percent,  respectively,  for  the  percent  porosity  and  129  tim  versus  105  /.tm  for 
pore  radius,  respectively.  These  differences  probably  result  from  the 
nonuniform  distribution  of  defects  and/or  the  dynamic  range  of  the  system,  as 
discussed  below. 

Porosity  assessment  by  FAI  is  based  on  assuming  an  even  porosity 
distribution,  i.e.,  the  pore  radius  and  the  percent  porosity  should  be  the 
same  at  different  depths.  Since  this  is  often  not  the  case,  the  overall 
parameters  represent  an  average,  which  is  calculated  from  the  overall 
ultrasonic  attenuation.  Therefore,  the  mutual  effect  of  the  percent  porosity 
and  pore  radius  on  each  other  should  be  taken  ’nto  consideration.  For 
example,  for  a  given  pore  radius,  a  higher  percent  porosity  should  be  weighted 
more  in  the  overall  average  pore  radius  than  a  lower  percent  porosity  because 
the  contribution  to  the  total  attenuation  is  higher.  Similarly,  for  a  given 
percent  porosity,  the  contribution  of  smaller  pores  should  be  weighted  more  in 
the  overall  average  percent  porosity.  For  the  data  shown  in  Table  5  this 
mutual  interaction  was  neglected  aiid  both  volume  fractions  and  pore  radii  were 
averaged  independently  of  the  other  parameter.  The  averages  of  the  thin 
slices  were  compared  to  the  overall  values  for  the  original  thick  plates  to 
determine  the  effect  of  thickness  on  the  FAI  results. 

The  dynamic  range  of  the  system  influences  the  ability  to  accurately 
determine  the  percent  porosity  and  pore  radius.  Whenever  the  attenuation 
exceeds  the  dynamic  range  of  the  system,  the  resulting  measured  attenuation 
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value  id  saturated,  and  th'j  actual  attenuation  is  underestimated.  This  occurs 
mainly  in  thick  samples,  and  can  be  recognized  from  the  detected  signal. 
Attenuation  saturation  plays  an  important  role  in  the  FAI  method  by  setting 
the  limit  for  accurate  measurement  and  indicating  the  need  to  increase  the 
dynamic  range  of  the  system  by  spatial  averaging,  increasing  the  resolution  of 
the  system,  or  refinement  of  data  reduction  methods. 

The  dynamic  range  of  the  equipment  used  in  the  current  work  wa.s  60  dB. 

The  data  for  all  the  pla  iS  and  slices  were  reanalyzed,  taking  the  dynamic 
range  into  consideration  (Table  6).  For  the  total  data  base  (.64  squares)  only 
57  percent  and  52  percent  of  the  pore  radius  and  the  percent  porosity  values, 
respectively,  of  the  plates  were  essentially  the  same  as  those  for  the  slices. 
For  those  areas  for  which  the  attenuation  was  below  the  dynamic  range  of  the 
equipment  (<60  dB)  ,  the  agreement  between  plate  and  slice  data  impi'oved 
significantly,  i.e.,  to  91  percent  and  85  percent  for  the  pore  radius  and  the 
percent  porosity,  respectively.  By  increasing  the  dynamic  range  of  the 
system,  the  discrepancies  between  the  data  for  the  thick  plates  and  the  slices 
can  be  significantly  reduced.  A  dynamic  range  increase  to  120  dB,  which  i.s 
reasonably  achievable  using  a  different  instrumentation  approach,  will  allow 
accurate  measurements  for  a  3-inch-thick  casting  with  porosity  concentrations 
above  about  one  percent. 

Shrinkage  Sponge  Hates.  The  shrinkage  sponge  defect  intended  to  be 
included  in  che  3-inch-thick  D357  plate  was  not  substantiated  by  an  evaluation 
of  the  slices,  which  indicated  that  the  plate  contained  mainly  gas  porosity. 
Radiography  of  the  3-inch-thick  plate  was  inconclusive  regarding 
identification  of  defect  type  and  level.  Five  slices  were  obtained  from  this 
plate,  providing  45  squares  for  FAI  evaluation.  The  top  4  slices  were  graded 
by  X-ray  radiography  as  Grade  B  gas  porosity.  Some  Grade  B,  C,  and  D  foreign 
material  was  found  in  the  bottom  slice. 

The  1 . 25- inch- thick  B201  plate  showed  a  much  stronger  correlation 
between  X-ray  data  for  the  plate  and  the  two  slices.  The  presence  of 
shrinkage  sponge  was  confirmed  in  both  slices;  one  slice  was  entirely  Grade  B 
and  the  ocher  was  entirely  Grade  D.  These  radiographic  assessments 
demonstrate  that  certain  size  defects  in  very  thick  plates  (3  inches)  may  not 
be  detected  using  conventional  X-ray  radiography. 
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TABLE  6.  EFFECT  OF  DTOAMIC  RANGE  ON  FAI  MEASUREMENTS 


AGREEMENT  BETWEEN 

DIFFERENTIAL  PLATE  AND  SLICE  RESULTS(%) 

BETWEEN  PLATES (1)  _ 

POROSITY  AND  SLICES  (2) 


TOTAL 

DATA 

base(1) 

DATA  WITHIN 

60  dB  DYNAMIC 
pjvnge(3) 

Radius 

<10  /im 

57 

91 

10-20  /im 

13 

9 

>20  /im 

30 

0 

Percent 

<0.1% 

52 

85 

0.1-0. 2% 

9 

15 

>0.2% 

39 

0 

(1)  Nine  squares  from  each  of  the  six  plates  (54  squares  total) 

(2)  Average  for  the  squares  from  the  slices  that  comprised  each 
of  the  54  squares  in  the  plate 

(3)  Only  those  squares  for  which  saturation  was  not  indicated 
(31  squares) 


The  average  percent  porosity  determined  by  FAI  for  the  3- inch- thick 
plate  that  was  supposed  to  contain  shrinkage  sponge  and  the  individual  slices 
was  the  same  (0.3  percent,  Table  5).  The  average  pore  radius  values  were  also 
very  similar,  79  ,um  and  73  pro  for  the  plate  and  slices,  respectively.  These 
data  represent  gas  porosity  and  not  shrinkage  sponge,  which  was  not  present  in 
the  plate  or  slices.  The  results  for  the  four  slicas  that  contained  the  Grade 
B  gas  porosity  were  significantly  different  from  those  described  in  the 
previous  section,  indicating  a  wide  range  of  possible  porosity  contents  for 
radiographic  Grade  B.  These  slices  were  a  very  good  Grade  B  (low  porosity)  as 
opposed  to  the  previously  described  Grade  B  gas  porosity  specimens,  which  were 
almost  Grade  C. 

.For  the  1 . 25- inch- thick  B201  plate  that  was  verified  as  containing 
shrinkage  sponge,  the  percent  porosity  was  1.3  percent  and  2.3  percent  in  the 
plate  and  slices,  respectively.  The  corresponding  average  pore  radii  were  138 
/jim  and  94  nm.  The  differences  between  the  plate  and  slice  results  are 
consistent  with  those  for  the  gas  porosity  data  described  in  the  previous 
section,  and  are  probably  also  due  to  the  defect  size  distribution  and  the 
limited  dynamic  range  of  the  FAI  system. 

Foreign  Material  Plates.  The  3-inch-thick  D357  plate  was  Grade  B 
according  to  X-ray  radiography.  Two  of  the  nine  squares  contained  less -dense 
foreign  material  (LDFM) ;  the  remaining  squares  contained  some  Grade  B  gas 
porosity.  The  four  slices  cut  from  the  plate  showed  that  most  of  the  squares 
were  Grade  A/B  (no  observed  defects).  All  the  LDFM  was  in  the  slice  cut  from 
the  bottor.1  of  the  plate.  Six  squares  were  rated  as  Grade  C  for  LDFM;  the 
remaining  three  were  Grade  B  gas  porosity. 

The  1 . 25 -  inch- thick  B201  plate  was  rated  as  Grade  C  because  of  the  level 
of  LDFM  in  two  of  the  nine  squares.  The  remaining  areas  were  Grade  B  gas 
porosity.  However,  of  the  18  squares  in  the  two  slices  cut  from  this  plate, 

17  were  rated  as  Grade  A,  and  one  was  found  to  contain  Grade  C  LDFM. 

The  square  that  contained  LDFM  showed  average  pore  radius  and  percent 
porosity  values  that  were  similar  to  the  slices  that  were  defect-free, 
indicating  that  FAI  was  unable  to  determine  the  size  of  the  LDFM.  This  i.s 
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discussed  in  more  detail  in  the  next  section  where  the  overall  correlation  cf 
FAI  and  X-ray  radiography  is  described. 

4.4.3  Correlation  Between  FAI  and  X-Rav  Assessments 

All  of  the  individual  squares  from  the  slices  cut  from  the  six  defect - 
containing  plates  were  individually  inspected  using  X-ray  radiography  and  the 
FAI  method.  All  the  results  are  shown  in  Table  7.  They  are  listed  according 
to  the  various  defect  types  and  the  corresponding  FAI  average  values  and 
ranges  for  percent  porosity.  As  determined  by  r.adiography  of  the  slices, 
forty-four  defect-free  (Grade  A/B)  squares  were  found  among  the  total  of  171 
that  were  characterized. 

The  Grade  A/B  material  had  average  percent  porosity  and  pore  radius 
values  of  0.2  percent  and  16  /im,  respectively.  The  material  that  contained 
gas  porosity  and  shrinkage  sponge  had  percent  porosity  and  average  pore  radius 
values  that  were  significantly  higher  than  that  rated  as  Grade  A/B. 

Statistical  analysis  showed  that  the  uncertainties  in  the  FAI  values  due  to 
experimental  error  arc.  about  20  pm  and  0.2  percent  for  pore  radius  and  percent 
porosity,  respectively.  Considering  this  experimental  error  margin,  the 
specimens  graded  as  defect-free  by  radiography  were  also  found  to  be  defect- 
free  by  FAI . 

For  gas  porosity,  the  average  percent  porosity  and  pore  radius  values 
were  qualitatively  consistent  with  the  X-ray  radiography  grades,  with  Grade  C 
having  higher  values  than  Grade  B,  Also,  within  each  radiographic  grade,  the 
different  severities  of  porosity  observed  in  the  X-ray  radiography  correlates 
well  with  the  FAI -predicted  levels.  The  apparent  severity  of  porosity 
observed  by  radiography  was  a  function  of  both  the  FAI-predicted  concentration 
and  average  pore  radius,  as  would  be  expected.  Similar  trends  were  observed 
i.n  the  data  for  the  Grade  B  and  D  shrinkage  sponge  (SS)  material.  The  average 
measured  percent  porosity  for  Grade  D  SS  material  was  slightly  higher  than 
Grade  B  SS  material,  2.6  percent  versus  2.1  percent. 

The  previously  mentioned  dynamic  range  limitation  caused  some 
underestimation  in  Grade  B  material,  and  even  more  In  Grade  C  material, 
thereby  resulting  in  additional  overlap  of  FAI  data  for  these  categorie.^. 
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TABLE  7.  CORRELATION  BETOEEN  FAI  RESULTS  AND  X-RAY 
RADIOGRAPHIC  GRADE  FOR  THE  PLATE  SLICES 


FAI 

DATA 

PERCENT 

POROSITY 

PORE  RADIUS  (fxm) 

NO.  OF 

GRADE 

AVERAGE 

RANGE 

AVERAGE 

RANGE 

SQUARES 

EXAMINED 

A/B 

0.2 

0-0.5 

16 

0-60 

44 

Gas  Porositv 

B 

0.6 

0-2.0 

50 

0-120 

69 

C 

1.7 

1.5-1. 9 

117 

90-140 

24 

Shrinkaee  Soonee 

B 

2.1 

1. 8-2.4 

93 

80-110 

9 

D 

2.6 

1.4-2. 9 

97 

80-110 

9 

Less -Dense 

Foreign  Material 

B 

0.2 

0-0.4 

78 

0-110 

5 

r* 

0.2 

0-0.5 

54 

0-110 

9 

D 

0.2 

0. 1-0.3 

105 

100-110 

2 

37 


No  cor’'elatior!S  between  radiographic  grade  and  FAI  data  for  the  LDFM 
defects  were  obtained.  The  percent  porosity  values  of  0.2  percent  were  equal 
to  those  obtained  for  the  defect-free  Grade  A/B  material.  The  average  pore 
radius  data  also  did  not  seen  to  indicate  the  presence  of  LDFM;  values  were 
similar  to  those  obtained  for  gas  and  shrinkage  porosity. 

In  sunuiiary,  there  is  a  qualitative  correlation  between  FAI  and  X-ray 
radiography  results  for  gas  porosity  and  shrinkage  sponge.  Further 
development  of  the  FAI  method  is  required  before  this  approach  can  be  applied 
to  foreign  material. 

A . 4 . 4  Correlation  Between  FAI  and  Microstructural  Measurements 

After  completing  the  FAI  investigation  of  the  plate  slices,  portions  of 
several  plates  were  selected  for  microstructural  examination  The  objective 
was  to  correlate  the  FAI-predicted  data  with  actual  microstructural 
measurements . 

The  ultrasonic  probe  was  circular  in  cross-section  and  character. Ized  a 
cylinder  of  about  0.5  inch  diameter.  The  microstructural  specimens  were  taken 
from  the  center  of  this  circular  area  on  the  plane  that  was  parallel  with  the 
axis  of  the  cylinder.  Image  analysis  was  used  to  determine  the  average  size 
of  a  given  defect. 

The  selected  defects  and  grade  levels  are  shown  in  Table  8.  Typical 
micrographs  of  three  types  of  defect  (gas  porosity,  shrinkage  sponge,  and 
foreign  material)  are  shown  in  Figures  10,  11,  and  12.  The  average  percent 
porosity  measured  using  the  FAI  and  microstructural  methods  fcr  Grade  B  gas 
porosity  material  was  0.7  percev.t  and  0.5  percent,  respectively.  For  Grade  C 
gas  porosity  material,  the  equivalent  results  were  1.7  percent  ana  1 .  .1 
percent.  The  agreement  between  FAI  and  microstructural  data  for  Grades  B  and 
C  was  excellent.  In  each  case,  the  FAI  method  predicted  a  slightly  higher 
value  than  that  determined  from  the  microstructure.  Tha  .werestlmaticn  of 
percent  porosity  by  the  FAI  method  is  probably  due  to  the  difference  in 
measurement  methods  between  FAI  and  image  analysis.  The  FAI  values  for 
percent  porosity  and  pore  radius  arc.  determined  on  a  volumetric  basis  while 
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TABLE  8.  COMPARISON  OF  FAI  AND  MICROSTRUCTURAL  ANALYSIS  DATA 


DEFECT 

type(1)/ 

GRADE (2) 

PERCENT  POROSITY 

PORE 

RADIUS  (urn) 

FAI (3) 

MICROSTRUCTURE 

fai(3) 

microstructureC'^) 

GP/B 

1.6 

1.4 

110 

98 

0.1 

0.05 

100 

12 

0.4 

0.1 

100 

U 

AVG 

0.7 

0.5 

103 

40 

GP/C 

1.6 

1.0 

110 

89 

1.8 

1.6 

120 

97 

1.6 

1.4 

130 

M 

AVG 

1.7 

1.3 

120 

91 

SS/B 

1.9 

1.3 

80 

15 

SS/D 

2.3 

1.2 

80 

19 

LDFM/D 

1.0 

(5) 

180 

(5) 

(1)  GP  -  gas  porosity;  SS  -  shrinkage  sponge;  LDFM  -  less-dense 
foreign  material 

(2)  According  to  MIL-A-2157 

(3)  Volumetric  data 

(4)  Surface  cross-section  data 

(5)  Complex  shape- -specif ic  numbers  could  not  be  assigned 
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Figure  10,  Typical  Gas  Porosity  in  Grade  C  D357 
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Figure  11.  Typical  Shrinkage  Sponge  in  Grade  D  B201 
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the  same  values  obtained  from  microstructural  analysis  were  determined  on  a 
cross-sectional  basis.  The  microstructural  data,  therefore,  do  not  allow  a 
full  defect  evaluation  because  the  entire  defect  is  not  sampled.  In  addition, 
the  FAI  values  are  not  completely  accurate  due  to  the  nonspherical  shapes  of 
the  pores.  The  theory  upon  which  FAI  is  based  assumes  that  the  pores  are 
spherical,  which  is  not  the  case  in  practice  (Figure  10);  most  of  the  pores 
tend  to  be  elliptical. 

Similar  to  the  percent  porosity,  the  FAI  average  pore  radius  values  for 
gas  porosity  were  higher  than  those  obtained  by  microstructural  analysis.  The 
average  FAI  and  microstructural  pore  radii  for  Grade  B  porosity  were  103  /<m 
and  40  ^m,  respectively.  For  Grade  C,  the  equivalent  results  were  120  /im  and 
91  nm.  Similar  to  the  percent  porosity  assessment,  the  measured  average  pore 
radii  for  Grade  C  material  were  higher  than  that  of  Grade  B  material.  The 
average  pore  radius  measurements  from  the  FAI  method  were  observed  to  be 
approximately  equal  to  the  longer  axis  of  the  elliptically  shaped  pores,  which 
supports  the  conclusion  that  the  discrepancy  is  related  to  the  nonspherical 
nature  of  the  gas  pores. 

The  correlation  between  data  from  the  FAI  and  the  microstructural 
methods  for  the  shrinkage  sponge  was  not  as  good  as  that  for  gas  porosity. 

Two  grade  levels  (B  and  D)  were  evaluated.  The  percent  porosity  obtained 
using  the  FAI  and  microstructural  methods  was  1.9  percent  and  1.3  percent, 
respectively,  for  Grade  B,  and  2.3  percent  and  1.2  percent  for  Grade  D.  The 
equivalent  data  for  the  average  pore  radius  were  80  )um  and  15  fim  (Grade  B)  and 
80  /.<m  and  19  /;im  (Grade  D)  .  The  FAI  percent  porosity  data  correlated  better 
with  the  X-ray  grades  than  did  the  microstructural  results.  It  is  difficult 
to  attempt  a  correlation  of  this  type,  particularly  for  pore  radius 
measurements,  because  of  (1)  the  difficulty  of  accurately  assigning  a 
dimension  to  a  defect  that  has  a  relatively  complex  shape  (Figure  11) ,  and 
(2)  because  the  FAI  model  assumes  that  the  defects  are  spherical. 

The  situation  for  foreign  material  was  complicated.  A  typical  LDFM 
irclusion  has  a  very  complex  shape  (Figure  12)  and  cannot  be  readily  assigned 
specific  dimensions.  The  deviation  from  a  spheroidal  shape  is  even  greater 
than  that  for  gas  porosity  and  shrinkage  sponge.  For  LDFM  shown  in  Fig>ire  12, 
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the  percent  porosity  and  pore  radius  measurements  obtained  using  the  FAI 
method  were  1.0  percent  and  180  pm,  respectively.  The  percent  porosity  value 
falls  in  the  range  typical  of  those  tor  gas  porosity  and  shrinkage  sponge 
(Table  8) .  The  average  pore  radius  (180  pm)  was  larger  than  those  typical  of 
gas  porosity  and  shrinkage  sponge.  However,  the  LDFM  (Figure  12)  was  much 
bigger  than  the  other  two  defects  shown  in  Figures  10  and  11.  The  data 
indicate  that  the  FAI  method,  as  currently  designed,  cannot  be  used  to 
identify  foreign  materials  in  castings. 

4.4.5  Effect  of  Nonparallel  Surfaces  on  FAI  Results 

Because  the  surfaces  of  castings  are  often  not  parallel,  the  effect  of 
nonparallel  surfaces  on  the  FAI  results  was  determined.  The  measurements  were 
performed  on  one  of  the  slices  discussed  in  Section  4.4.2.  The  slice  was  D357 
and  was  determined  by  X  ray  radiography  and  FAI  measurements  to  have  a  very 
uniform  distribution  of  Grade  B  gas  porosity.  Surfaces  of  the  nine  squares 
were  machined  so  that  they  were  at  angles  in  the  range  of  2  degrees  to  10 
degrees  compared  with  the  opposing  surface.  The  FAI  results  as  a  function  of 
angle  are  shown  in  Table  9.  For  a  given  location,  the  FAI  measurements  were 
taken  both  before  ^parallel  sides)  and  after  machining  (nonparallel  sides). 

The  average  pore  radius  for  parallel  and  nonparallel  sides  was,  within 
experimental  scatter,  the  same  for  a  given  angle.  However,  the  measured 
average  percent  porosity  showed  an  increase  from  about  1.4  percent  for 
parallel  sides  to  2.1  percent  for  the  10  degree  angle. 

The  above  renults  suggest  that  the  effectiveness  of  the  FAI  method, 
without  compensating  for  nonparallel  sides,  may  be  reduced  if  the  angle 
between  opposing  sides  of  the  casting  is  greater  than  about  7  degrees 
(Table  9) . 

4.4.6  Weld  Defect  Evaluation 

The  welding  defects,  i.e.,  lack  of  fusion  and  penetration,  cracks,  and 
porosity,  were  produced  in  one  nlate  of  both  D357  and  B201  using  GTA  welding. 
The  defects  were  initially  detected  by  both  radiography  and  C-scan  and  then  by 
the  FAI  method.  Figure  13  shows  a  C-scan  of  the  weld  defects  in  the  D357 
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TABLE  9.  EFFECT  OF  NONPARAIXEL  SURFACES  ON  DEFECT  DETECTION 
CAPABILITIES  OF  THE  FAI  TECHNIQUE 


ANGLE<2) 
(DEG. ) 

AVERAGE  PORE 

RADIUS<1)  (m) 

AVERAGE  PERCENT 

POROSITY 

NOisTARALLEL 

PARALLEL<3) 

NONPARALLEL 

PARALLEL*^  3) 

0 

100 

1.4 

2 

90 

100 

1.6 

1.5 

5 

100 

80 

1.7 

1.5 

7 

130 

110 

1.9 

1.6 

10 

110 

100 

2.i 

1.5 

(1)  Data  obtained  for  a  0.75 -inch- thick  slice  of  an  D357-T6  plate 
that  contained  Grade  B  gas  porosity 

(2)  Between  opposing  surfaces 

(3)  Value  before  machining  the  angle 
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plate.  Six  locations  evenly  spaced  along  each  of  the  welds  were  chosen  for 
evaluation  by  FAI ,  yielding  a  total  of  29  test  locations.  The  defects  at  each 
of  these  locations  were  then  characterized  by  radiography  for  comparison  with 
the  FAI  results.  None  of  the  welds  were  defect-free  (Grade  1).  All  welds 
contained  defects  of  Grade  2,  indicating  that  the  welds  were  not  acceptable. 
Welding  specifications  do  not  assign  defect  Grades  B,  C,  and  D  to  defective 
welds.  Instead,  the  welds  are  graded  as  passed  (Grade  1)  or  failed  (Grade  2). 

The  results  of  the  FAI  evaluations  and  the  defect  type  are  listed  in 
Table  10.  Percent  porosity  and  pore  radius  values  were  obtained  at  all  29 
locations  examined.  The  severity  level  of  the  defects  is  not  determined  by 
radiography  standards ,  and  the  accuracy  of  the  FAI  results  could  not  be 
exactly  assessed.  However,  because  weld  defects  are  radiographically  graded 
in  a  pass/fail  manner,  it  was  assumed  that  any  reading  greater  than  that 
obtained  from  essentially  defect-free  material  indicates  a  defective  weld. 
Further  development  of  the  FAI  technique  is  required,  though,  to  fully  define 
the  FAI  values  corresponding  to  defect- free  material.  Once  this  has  been 
accomplished,  assessment  of  weld  quality  by  FAI  on  a  pass/fail  basis  should  be 
feasible . 

4.4.7  Eddy  Current  Crack  Detection  Results 

The  results  of  the  eddy  current  inspections  are  summarized  in  Table  11. 
The  actual  crack  lengths,  determined  from  optical  measurements,  are  listed 
along  with  the  corresponding  probe  outputs  and  predicted  crack  lengths 
determined  for  each  face  sheet  thickness/cast  material/fastener  combination. 
With  the  steel  fastener  Installed,  all  of  the  cracks  in  both  D357  and  B201 
were  detected  through  three  face  sheets  of  three  thicknesses.  With  the 
titanium  fastener  installed,  all  cracks  could  be  detected  and  quantified 
except  for  the  shortest  crack/thickest  face  sheet  combination  of  0.049 
inch/0.25  inch.  Difficulty  in  detecting  this  crack  was  due  to  interference 
between  the  low  probe  output  (0.2  mv)  and  the  system  noise.  The  0.049-inch- 
long  crack  could  be  detected  and  quantified  through  the  other  two  face  sheets, 
which  were  0.08  inch  and  0.123  inch  thick.  Based  on  these  results,  a  lower 
threshold  of  about  1.0  mv  should  be  used  to  account  for  system  noise. 
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TABLE  10.  FAI  EVALUATION  RESULTS  FOR  PIJVTES  CONTAINING  WELD  DEFECTS 


DEFECT 

TYPE 

ALLOY 

PERCENT 

POROSITY 

PORE 

RADIUS 

(urn) 

None 

D357 

0.4 

152 

B201 

0.3 

65 

Foreign 

D357 

0.5 

91 

Material 

B201 

1.2 

133 

Gas  Hole 

D357 

0.3 

180 

Crack 

D357 

0.4 

50 

B201 

0.4 

176 

No  Fusion 

D357 

0.4 

150 

B201 

0.4 

176 
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These  results  clearly  indicate  that  this  eddy  current  technique  may  be 
used  for  in-service  inspections  to  accurately  detect  and  measure  cracks 
originating  from  fastener  holes  underneath  face  sheet  materials, 

4.5  CONCLUSIONS 

1.  The  FAI  results  for  pore  radius  and  percent  porosity  showed  a 
qualitative  correlation  with  X-ray  grades  for  castings  chat 
contained  gas  or  shrinkage  porosity.  By  strengthening  the  data 
base,  it  may  be  possible  to  use  the  FAI  method  to  provide 
quantitative  correlations. 

2.  The  FAI  technique  requires  further  development  before  data  for 
foreign  materials  can  be  correlated  with  X-ray  results. 

3.  The  FAI  percent  porosity  measurements  decrease  as  the  angle  between 
the  opposing  sides  of  the  specimen  increases  above  about  7  degrees. 
This  may  limit  the  use  of  the  FAI  method  unless  it  can  be  further 
developed  for  use  with  castings  that  have  non-parallel  sides. 

4.  The  FAI  technique  can  be  used  as  a  pass/fail  method  for  evaluating 
weld  repairs  in  castings. 

5.  Because  the  dynamic  range  was  found  to  be  a  limiting  factor  for  the 
FAI  method,  it  should  be  maximized  to  reduce  the  discrepancies 
between  the  data  obtained  for  material  of  different  thicknesses. 

6.  The  in-service  eddy  current  technique  can  be  used  to  detect  the 
presence  of  cracks  in  component  substructure  and  for  determining 
their  length. 

7.  Though  a  good  correlation  between  FAI  results  and  X-ray  and 
microstructural  data  for  gas  porosity  exists,  without  significant 
additional  evaluation  and  development,  the  FAI  method  cannot  be 
used  as  a  foundry  tool  for  grading  aluminum  castings. 
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SECTION  S 

PHASE  I,  TASK  2  -  D35  7-T.i  SCREENING  TESTS 


5 . 1  INTRODUCTION 

The  overall  Task  2  objective  was  to  define  the  process  variables 
(solidification  rate,  aging  condition,  composition)  that  provide  the  optimum 
balance  of  tensile  and  DADT  properties  of  B201~T7  and  D357-T6  using  screening 
tests,  and  to  characterize  the  DADT  properties  of  material  produced  according 
to  the  best  process  conditions.  The  screening  test  data  for  D357-T6  are 
discussed  in  this  section.  Average  properties  are  presented  in  Section  5;  the 
individual  test  results  are  Included  in  Appendix  A. 

Cast  plates  of  D357  (radiographic  quality  of  Grade  B,  or  better)  were 
produced  to  determine  (1)  the  effect  of  composition,  solidification  rate,  and 
aging  conditions  on  DADT  properties  and  (2)  if  optimization  of  DADT  properties 
conflicts  with  the  requirements  for  obtaining  the  best  static  (tensile) 
properties.  The  range  of  compositions  was  based  on  the  AMS  specification  4241 
[1].  The  target  tensile  properties  were  50  ksi  UTS,  40  ksi  YS,  and  3  percent 
elongation.  Solidification  rates  and  aging  parameters  were  selected  to  be 
typical  of  those  used  by  foundries.  The  solution  heat  treatment  conditions 
were  the  same  for  all  the  cast  plates. 

The  screening  tests  were  tension,  notched  tension,  fatigue  life,  and 
microstructural  analyses.  The  ratio  of  the  notched  tensile  strength  (NTS)  to 
tensile  yield  strength  (YS)  was  used  as  an  indicator  of  fracture  toughness. 

The  microstructural  analyses  included  determination  of  the  dendri  arm 
spacing  (DAS),  and  the  area,  aspect  ratio,  and  spacing  of  the  silicon 
particles.  The  amount  of  porosity  present  in  each  cast  plate  was  also 
estimated  using  image  analysis. 

Multiple  regression  analyses  were  conducted  to  determine  the 
relationships  between  the  process  variables,  and  the  mechanical  properties  and 
micro structural  features. 
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5.2  EXPERIMENTAL  PROCEDURES 


5.2.1  Process  Variables 

Forty-eight  D357  plates  with  variations  of  composition,  solidification 
rate,  and  aging  parameters  were  cast  by  Alcoa.  Each  plate  was  0.75  x  6  x  12 
inches.  The  same  pattern,  and  gating  and  risering  system  shown  in  Figure  lA 
were  used  to  produce  each  plate. 

The  plates  were  produced  based  on  the  composition  specification  shown  in 
Table  12.  With  the  exception  of  the  addition  of  Sr  as  a  Si  particle  modifier, 
the  specification  is  the  same  as  AMS  4241  [1]  (Draft  40GC)  .  Thi.s  ivii  tiel 
draft  was  subsequently  modified  and  approved  for  general  release,  The 
modifications  were  (1)  an  increase  in  the  lower  limit  for  Ti  from  0,04  percent 
to  0.10  percent  and  (2)  a  decrease  in  the  maximum  limit  for  Fe  from  0.20 
percent  to  0.12  percent. 

The  composition  of  36  of  the  48  plates  was  varied  within  the  limits 
allowed  by  the  specification.  Due  to  the  number  of  tests  that  would  be 
required  to  evaluate  the  effect  of  all  the  key  elements  individually,  some 
were  grouped  together,  for  example  Ti,  Mn,  and  Be.  Cast  places  were  made  with 
close  to  the  minimum  or  maximum  percentages  of  each  element  or  group  of 
elements.  The  target  for  those  elements  not  being  specifically  varied  wa,?.  the 
middle  of  the  allowed  composition  range.  The  S':  addition  was  0.008  percent  to 
0.016  percent,  except  for  those  plates  where  it  was  specifically  omitted. 
Strontium  was  included  to  promote  the  formation  of  low  as.pect  ratio  silicon 
particles  in  all  parts  of  each  plate  to  improve  fatigue  properties  by  reducing 
the  stress  concentration  associated  with  irregularly  shaped  particles. 

In  addition  to  the  36  plates  that  were  within  the  AMS  4241  composition 
guidelines,  12  plates  were  made  with  compositions  o'utside  the  specification. 
The  composition  ranges  stipulated  in  the  specification  are  relatively  narrow 
and,  therefore,  correlations  between  properties  and  alloying  element  content 
could  be  difficult  to  detect.  These  additional  plates  were  made  to  increase 
the  possibility  of  detecting  correlations  using  regression  analyses.  A 
summary  of  the  D357  composition  variations  evaluated,  both  within  and  outside 
the  specification,  is  shown  in  Table  13.  Forty  eight  combinations  of  the 
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TABLE  12.  COMi^OSITION  Sj-ECIFICATION  ir'OR  THE  D357  -r6  SCREENING  PLATES 


element(^) 


MIN. 

MAX. 

Silicon 

6.5 

7.5 

Magnesium 

0.55 

0.6 

Titanium 

0.04 

0.20 

Beryllium 

0.04 

0.C7 

Strontium 

0.008 

0.016 

Iron 

0.20 

Manganese 

-- 

O.IO 

Others,  each 

0.05 

Others,  total 

0.15 

Aluminum 

Balance 

(1)  AM?  4241  (Draft  40GC)  plus  Sr  addition 
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TABLE  13.  COMPOSITION  VARIATIONS  FOR  THE  D357-T6  SCREENING  PLATES 


COMPOSITION 

DEVIATION 

FROM 

COMPOSITION  VARIABLES 

SPECIFICATION  MID-RANGE 

Below 

Min. 

Min. 

Max . 

Si 

(1) 

X 

X 

Mg 

X 

X 

X 

Ti,  Mn,  Be 

(1) 

X 

X 

Fe 

N/A 

(1) 

X 

Ti 

X 

(1) 

(1) 

Fe ,  Be 

X 

(1) 

(1) 

Nominal 

Without  Sr 

Nominal 

With 

Sr 

(1)  Not  evaluated 
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three  process  variables  (composition,  solidification  rate,  aging  parameters) 
were  produced,  as  shown  in  Table  14. 

Two  solidification  rates  were  achieved  by  varying  the  pour  temperature 
and  the  chill  material.  Copper  or  iron  chills  were  placed  along  the  center  of 
the  plates  (Figure  14)  to  vary  the  solidification  rate.  Pour  temperatures  of 
1380®F  and  1440*F  were  used  with  the  copper  and  iron  chills,  respectively. 

The  solidification  rate  was  not  measured  directly,  but  subsequent  DAS  and 
mechanical  property  data  indicated  that  the  plates  with  the  Cu  chills  had  been 
solidified  more  rapidly  than  Chose  with  the  Fe  chills.  These  plates  are 
referred  to  as  the  fast  and  slow  solidification  plates  in  the  remainder  of 
this  report. 

The  solution  heat  treatment  parameters  were  the  same  for  all  48  plates. 
The  plates  were  heated  for  16  hours  at  1010±10°F,  which  is  within  the 
requirements  of  AMS  4241.  The  plates  were  quenched  in  room  temperature  water 
with  a  delay  time  of  less  than  8  seconds. 

The  two  aging  temperature/tirae  combinations  were  (1)  315±5“F  for  12 
hours,  and  (2)  335±5°F  for  6  hours.  These  combinations  were  selected 
follov;ing  consultations  with  several  foundries  as  being  representative  of  the 
temperature  and  time  ranges  typically  used  for  aging  D357  castings  to  the  T6 
condition.  Heat  treatment  of  all  the  screening  plates  was  conducted  by 
Northrop . 

All  the  D357-T6  castings  for  screening  were  Grade  B  or  better,  according 
to  MIL-A-2175.  The  plates  were  radiographically  inspected  to  a  one  percent 
sensitivity  both  by  the  foundry  and  subsequently  by  an  independent  laboratory. 
The  melt  composition  of  each  plate  was  provided  by  the  foundry  and  was 
subsequently  verified  for  each  plate  by  Northrop  using  inductively  coupled 
plasma  (ICP)  analysis.  The  foundry  melt  analysis  is  used  throughout  this 
report  for  quoting  plate  compositions. 
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TABLE  14.  D357-T6  SCREENING  PLATE  PROCESS  VARIABLES 


SLOW  SOLIDIFICATION 

FAST  SOLIDIFICATION 

COMPOS ITION(I) 

AGING 

PARAMETERS 

AGING 

PARAMETERS 

315 

'’F/12  hrs 

335'*F/6  hrs.  315“ 

F/12  hrs, 

335“F/6  hrs. 

Si 

Max. 

X 

X 

X 

X 

Min . 

X 

X 

X 

X 

Mg 

Max . 

X 

X 

X 

X 

Min. 

X 

X 

X 

X 

Below  Min. 

X 

X 

X 

X 

Ti,  Mn,  Be 

Max . 

X 

X 

X 

X 

Min. 

X 

X 

X 

X 

Fe 

Max. 

X 

X 

X 

X 

Ti 

Below  Min. 

X 

X 

X 

X 

Fe ,  Be 

Below  Min. 

X 

X 

X 

X 

Nominal 

No  Sr 

X 

X 

X 

X 

With  Sr 

X 

X 

X 

X 

(1)  Other  elements 

were  mid- 

range  of  the  specificati 

on 

(2)  Each  "X"  represents  one 

cast  plate  (total  of  48 

plates) 
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Figure  14.  Gating,  Risering,  and  Chill  Placement  Used 
for  the  D357  Process  Variable  Plates 
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5.2.2  Test  Procedares 


Tension,  notched  tension,  and  fatigue  life  tests  were  performed  in 
accordance  with  the  ASTM  specifications  shownn  in  Table  15.  Two  specimens  per 
plate  were  tested  for  each  of  these  three  mechanical  properties.  The 
specimens  were  excLsed  from  the  same  location  in  each  of  the  48  plates  for 
consistency.  The  fatigue  specimen,  which  is  shown  in  Figure  15,  is  a  simple 
simulation  of  aircraft  components  that  contain  holes  for  inserting  fasteners 
during  aircraft  assembly.  Holes  act  as  stress  concentrators  and  are  a  common 
cause  of  fatigue  problems.  All  the  D357-T6  fatigue  specimens  were  tested  to 
failure  using  constant  amplitude  loading,  a  net  maximum  tensile  stress  of  20 
ksi,  and  a  stress  ratio  (R)  of  0.1. 

5.2.3  Micros true tural  Characterization 

The  specific  measurements  for  characterizing  the  microstructure  of  each 
of  the  48  plates  were  (1)  dendrite  arm  spacing  (DAS) ,  (2)  silicon  particle 
aspect  ratio,  area,  and  spacing,  and  (3)  percent  porosity. 

The  DAS  was  measured  using  a  line  intercept  method  [6]  at  the  edge  and 
center  (under  the  chill)  of  each  of  the  48  plates,  and  for  four  of  the  plates 
as  a  function  of  distance  from  the  center  of  the  plates.  The  percent  porosity 
was  determined  at  the  center  of  each  plate.  The  silicon  particle  morphology 
was  measured  at  the  edge  of  all  48  plates.  The  percent  porosity  and  the  Si 
particle  morphology  were  investigated  using  an  Omnicon  3500  Image  Analyzer. 

5.2.4  Data  Analysis 

The  test  matrix  (Table  14)  was  completed  for  each  mechanical  property 
and  microstructural  parameter.  For  mechanical  properties,  results  from  two 
tests  were  averaged  for  each  "X"  shown  in  Table  14  (a  total  of  96  tests  for 
each  property) . 

The  average  properties  for  the  process  variables  were  obtained  by 
averaging  the  test  results  for  the  rows  and  columns  in  Table  14 .  The  general 
effect  of  composition  was  obtained  by  averaging  the  data  in  each  row  (eight 
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TABLE  15.  SCREENING  TEST  SPECIFICATIONS 


TEST  SPECIFICATION 

Tension  ASTM  B557 
Notched  Tension  ASTM  E602 
Fatigue  Life  ASTM  E466 
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Figure  15.  Fatigue  Test  Specimen 


0.250  DIA 
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tests  per  row) .  The  general  effects  of  solidification  rate  and  aging 
condition  were  determined  by  averaging  the  data  in  the  four  columns.  For  the 
plates  that  were  within  the  composition  specification,  18  individual  test 
results  per  column  were  averaged.  An  average  of  six  results  was  obtained  per 
column  for  the  plates  that  were  outside  the  composition  specification. 

The  plates  that  were  outside  the  AMS  composition  specification  were  made 
specifically  to  enhance  the  regression  analyses.  All  the  individual  test 
results  for  each  composition  variant  shown  in  Table  14  were  included  in  the 
regression  analyses.  Both  linear  and  nonlinear  multiple  analyses  were 
conducted.  The  linear  analysis  assumed  a  5  percent  probability  of  error  for 
accepting  or  rejecting  a  variable  in  the  final  relationship,  providing  a  broad 
indication  of  the  relevant  variables  before  progressing  to  the  nonlinear 
analysis.  The  nonlinear  analysis  is  considered  to  give  a  more  accurate 
definition  of  the  correlation  equation  due  to  its  inclusion  of  cross-product 
and  second  order  terms.  However,  the  acceptance/rejection  criterion  was 
tightened  from  five  percent  to  one  percent  probability  of  error  to  reduce  the 
number  of  unrepresentative  cross-product  items  which  might  otherwise  appear  in 
the  final  equation. 

The  results  of  the  regression  analyses  are  presented  as  the  percent 
variation  in  the  dependent  variables  (mechanical  properties  and 
microstructural  features)  explained  by  the  independent  variables  (composition, 
solidification  rate,  and  aging  temperature/time). 

5.3  RESULTS  AND  DISCUSSION 

The  average  hardness  (Rockwell  B)  for  the  plates  that  were  within  the 
composition  specification  (WCS)  was  46  after  solution  heat  treatment  and 
quench  (SHT)  and  69  after  aging.  The  conductivity  values  (percent  of  lACS) 
for  these  conditions  were  34  percent  and  36  percent,  respectively.  For  the 
plates  chat  were  outside  the  composition  specification  (OCS) ,  the  hardness  of 
Che  SHT  and  the  aged  plates  was  45  and  71,  respectively.  The  corresponding 
conductivity  values  were  36  percent  and  39  percent. 
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The  properties  for  each  plate  are  presented  in  the  following  subsections 
as  a  function  of  the  process  variables  for  plates  that  are  (1)  within  the 
composition  specification,  and  (2)  outside  the  composition  specification.  The 
data  are  averages  of  two  or  more  tests. 

The  average  property  values  cited  and  discussed  in  Section  5.3  as  a 
function  of  the  process  variables  were  obtained  from  the  data  tabulated  in 
Tables  17  through  27  as  follows: 

1.  Solidification  Rate.  Average  of  the  data  points  in  the  two 
adjacent  columns  under  fast  or  slow  solidification. 

2.  Composition.  Average  of  the  four  data  points  in  each  row 
representing  a  particular  composition  variation. 

3.  Aging ■  Average  of  tha  data  points  in  the  coli;mns  (not  adjacent) 
for  the  two  sets  of  aging  parameters. 

4.  Strontium.  Data  for  unmodified  plates  (no  Sr)  are  shown  in  the  row 
designated  0.00  Sr;  the  average  is  shown  at  the  end  of  the  row. 

For  modified  plates,  all  the  remaining  data  were  averaged  according 
to  items  1  through  3  above. 

5.3.1  Composition 

The  chemical  c*'.  iposltion  of  the  12  composition  variants  was  based  on  the 
AMS  specification  shown  in  Table  12.  Nine  of  the  variants  were  held  within 
the  composition  specification;  the  composition  of  the  other  three  variants  was 
outside  the  specification.  The  average  contents  of  the  alloying  elements  that 
were  specifically  controlled  are  summarized  in  Table  16.  The  target  for  the 
elements  that  were  not  specifically  controlled  was  the  mid  range  of  the 
specification. 
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TABLE  16.  COMPOSITION  OF  THE  D357  SCREENING  PLATES 


ELEMENT 

content(I) 

ELEMENT  (WT  %) 

Si 

Mg 

Fe 

Sr 

Ti-Mn-Be 

Ti 

Fe  -  Be 

Max . 

7.41 

0.60 

0.18 

0.016 

0.19-0.10-0.053 

(2) 

(2) 

Min . 

6.53 

0.56 

(2) 

0.008 

0.07-0.00-0.04 

(2) 

(2) 

Below  Min. 

(2) 

0.45 

(2) 

(2) 

(2) 

0.00 

0.027-0.0005 

(1)  All  other  elements  were  mid-range  of  the  specification 

(2)  Not  evaluated 

Note:  Plates  of  nominal  composition  were  also  evaluated 
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5.3.2  Mtcrostructure 


Dendrite  Arm  Spacing  (DAS^ 

The  DAS  results  are  summarized  In  Table  17.  For  the  WCS  material,  the 
average  DAS  at  the  plate  edge  and  under  the  chill  was  0.0028  Inch  and  0,0014 
Inch,  respectively.  Variations  In  alloy  composition  had  no  effect  on  the  DAS. 
The  overall  average  DAS  measured  at  the  edge  cf  each  of  the  18  plates  that 
were  solidified  at  the  faster  rate  (Cu  chill)  was  slightly  smaller  than  that 
for  the  18  plates  solidified  at  the  slower  rate  (Fe  chill),  l.e.,  0.0027  Inch 
versus  0.0029  inch.  The  overall  average  DAS  under  both  the  Cu  and  Fe  chills 
was  the  same,  l.e.  0.0014  inch.  However,  detailed  determination  of  the 
dependence  of  DAS  on  distance  from  the  center  of  four  WCS  plates  (Figure  16) 
showed  that  DAS  increased  approximately  linearly  with  distance  from  the  center 
of  the  plate,  and  that  the  faster  solidification  rate  (Cu  chill)  resulted  in  a 
smaller  DAS,  which  typically  improves  mechanical  properties  [7]. 

The  DAS  for  the  OCS  plates  was  similar  to  those  that  were  within  the 
composition  specification.  The  overall  average  values  for  the  OCS  plates 
under  the  chill  and  at  the  plate  edge  were  0.0014  inch  and  0.0024  inch, 
respectively. 

Silicon  Particle  Morphology 

The  aspect  ratio,  area,  and  spacing  of  the  Si  particles  in  each  plate 
were  determined  using  image  analysis.  The  data  for  all  the  48  plates  are 
summarized  in  Tables  18,  19,  and  20,  respectively. 

a .  Aspect  Ratio 

For  the  WCS  plates,  the  overall  average  aspect  ratio  was  1.86;  for  the 
Sr-containing  plates  (Table  18)  it  was  1.82.  A  noticeably  higher  average 
aspect  ratio  of  2.19  was  obtained  for  the  plates  that  did  not  contain  Sr.  The 
average  silicon  particle  aspect  ratio  of  the  plates  solidified  at  the  faster 
rate  was  lover  than  that  of  the  slow  solidification  rate  material  (1.82  versu.s 
1.90) . 
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TABLE  17.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  DENDRITE  APJI  SPACING  OF  D3i)/-T() 


AVERACIE  OAS 

(10"'’  IN.) 

AGE 

A 

'.;k 

COMPOSTION*^* 

SPECIMEN 

(WT.  %) 

LOCATION 

(SLOW  SOL 

IDIF’ICATION) 

(EAS"'  sol: 

IDIEICATIONt  *) 

AVI'  MAC. 

31b°F/12HH  33b°F/6HR 

31b”E/12HR 

33i“K/6HR 

(.i)  Within  Composition 

Speolt icat ion 

C  .  .  911-0 . lOMn-O . 0b3Be 

Ch  ■  1 1 

14 

17 

14 

i  3 

fidqe 

30 

33 

29 

2b 

iO 

0  .  9  ’  ;'i-0  .  OOMn-0  .  O^lBe 

Chill 

15 

13 

12 

12 

:  i 

Edge 

2  1 

31 

28 

2  b 

28 

'J  .  ■iOMg 

Chill 

14 

14 

14 

1  4 

: 

Edge 

29 

28 

2  7 

26 

: .  •-  6yg 

Chill 

16 

14 

12 

3 

;  4 

Edge 

28 

26 

2b 

2b 

\  'V.  3  i 

Chill 

13 

14 

1  b 

1  h 

; 

Edge 

2b 

24 

24 

26 

Chill 

14 

13 

1  4 

14 

'  /, 

Edge 

28 

32 

30 

2  1 

2  9 

~  .  1  r  f; 

Chill 

13 

14 

lb 

1  6 

:  b 

Edge 

30 

31 

22 

28 

28 

Chill 

!  4 

1  6 

J 

12 

-1 

Edge 

30 

31 

2  7 

2  7 

•  a  . 

Ch.  .  1 

14 

1  b 

: 

1  b 

1  4 

Fage 

2b 

2  ’ 

24 

22 

2  4 

A  VO  a 

Zn.  1 

1  4 

14 

1  4 

; 

:  4 

Kdg»^ 

28 

30 

2  > 

fe 

(  r  ’  C’l'  siTie  rorrposit  ior. 

Spec  1  f  1  cd'^  : on 

C  n  :  ;  * 

:  L' 

14 

;  i 

Edge 

2  ^ 

2  3 

2H 

C  h  ’  '  ' 

;  3 

;  ^ 

hjge 

23 

’ 

?3 

4^;: 

’ '  h  ,  ,  i 

;  4^ 

•,  / 

1  ^ 

■-  ^ 

: 

Ko'.p? 

?/ 

?h 

/8 

/  •  •  1 

eg. : : : 

:  A 

'  5 

;  4 

t-dge 

22 

2b 

/  h 

^  1 

<A 

i.)  .  orL-T'.L  s  ;  r.ici-r^nqe  fj  f  t  ne  sp«7f' i  f  icat  i  on 

(.  )  “•  t'  pojr  Lerpor  it  o 

\  '  I  '  ^  J  8  0  ® r  p  )  u  r  ' .  i»  n^pe  r  a  c  o  r  o 
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Inch) 


35 


Distance  From  Center  of  Chill  (Inch) 


Figvire  16.  D357  Dendrite  Arm  Spacing  Versus  Distance  from 

the  Center  of  the  Chill 


66 


TAiiLF  13 


FFKECT  OF  PROCESS  VARIABLES  ON  THE  SILICON  PARTICLE  ASPECT  RATIO  OF  D33/  TG 


SILICON  PARTICLE 

ASPECT  RATIO 

COMPOSITION(I) 

(WT  %) 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) (3) 

AVG. 

315”F/12HR 

335‘'F/6HR 

315“F/12HR 

335°F/6HR 

(a)  Within  ComDOsltion  Specification 

0.19Ti-0.11Mn-0.053Be  1.78 

1.96 

1,74 

1.75 

1.81 

0.07Ti-O.OOMn-0  04Be 

1.80 

1.70 

1.80 

1.70 

1 .  75 

0.60Mg 

1.83 

2.00 

1.71 

1.73 

1.82 

0 . 56Mg 

1.81 

1.80 

1.90 

1.76 

1.82 

7.41S1 

2.00 

1.99 

1.80 

1.80 

1.90 

6.53S1 

1.92 

1.89 

1.78 

1.73 

1.83 

O.lSFe 

1.73 

1.92 

1.76 

1.89 

1.83 

O.OOSr 

2.06 

2.29 

2.20 

2.19 

2.19 

Nominal 

I.  77 

1.80 

1.75 

1.75 

1.77 

Average 

1.86 

1.93 

1.83 

1.81 

1.86 

(b)  Outside  Composition 

Specification 

0 . 45Mg 

1.72 

1.75 

1.76 

1.76 

1.75 

O.OOTi 

1.77 

1.87 

1.74 

1.74 

1 . 78 

0.027Fe-0.0005Be 

1.78 

1.72 

1.81 

1.74 

1.76 

Average 

1.76 

1.78 

1.77 

1.75 

1 . 76 

(1)  Other  elements  were 

mid-range  of  the  specification 

(2)  Fe  chill;  1440°F  pour  temperature 

(3)  Cu  chill;  ISSO^F  pour  temperature 
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TABLE  19.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  SILICON  PARTICLE  AREA  OF  D357-T6 


SILICON  PARTICLE  AREA  (/im2) 

COMPOS ITION(I) 

(WT  %) 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) (3) 

AVG. 

315“F/12HR 

335“F/6HR 

315“F/12HR  33f 

i”F/6HR 

(a)  Within  Comoosition 

Soecif ication 

0.19Ti-0.11Mn-0.053Be 

16 

21 

19 

16 

18 

0.07Ti-0.00Mn-0.04Be 

21 

20 

18 

15 

18 

0.60Hg 

25 

19 

18 

19 

20 

0. 56Mg 

17 

24 

14 

15 

18 

7.41Si 

18 

21 

20 

19 

19 

6.53Si 

23 

22 

23 

19 

22 

O.lSFe 

18 

32 

18 

24 

23 

O.OOSr 

83 

108 

66 

70 

82 

Nominal 

20 

27 

19 

22 

22 

Average 

27 

33 

24 

24 

27 

fb)  Outside  Comoosition  Snecif ication 

0.45Mg 

16 

18 

19 

17 

17 

O.OOTi 

19 

23 

19 

18 

20 

0.027Fe-0.0005Be 

16 

18 

22 

19 

19 

Average 

17 

19 

20 

18 

19 

(1)  Other  elements  were  mid-range  of  the  specif icntion 

(2)  Fe  chill;  1440“ F  pour  temperature 

(3)  Cu  chill;  1380"F  pour  temperature 
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TABLE  20.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  SILICON  PARTICLE  SPACING  OF  D357-T6 


SILICON  PARTICLE 

SPACING  (/im) 

COMPOS ITI0N<1) 

(WT  %) 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) 

AVG . 

315'’F/12HR  335'‘F/6HR 

315°F/12HR  335'’F/6HR 

fal  Within  Comoosition 

1  Soecif Ication 

0.19Ti-0.11Mn-0.053Be 

38 

34 

29 

33 

34 

0.07Ti-0.00Mn-0.0ABe 

42 

34 

36 

32 

36 

O.eOMg 

44 

37 

44 

40 

41 

0.56Mg 

41 

34 

30 

32 

34 

7.41Si 

40 

41 

41 

43 

41 

6.53Si 

30 

28 

39 

34 

33 

O.lBFe 

29 

35 

34 

38 

34 

O.OOSr 

76 

64 

59 

63 

66 

Nominal 

53 

51 

39 

53 

49 

Average 

44 

40 

39 

41 

41 

fb)  Outside  Comoosition  Soecif ication 

0 . A5Mg 

35 

45 

35 

47 

41 

O.OOTi 

47 

57 

42 

42 

/ 

0.027Fe-0.0005Be 

37 

44 

41 

49 

43 

Average 

40 

49 

39 

46 

44 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  lAAQ'T  pour  temperature 

(3)  Cu  chill;  1380°F  pour  temperature 
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For  the  OCS  plates,  the  overall  average  aspect  ratio  was  1.76,  which  Is 
slightly  lower  than  the  value  for  the  WCS  plates.  No  significant  effect  of 
solidification  rate,  was  observed. 

b .  Area 

The  overall  average  Si  particle  area  (Table  19)  was  27  .  The  average 

for  the  WCS  Sr-containing  variants  was  20  /itn^  and  showed  only  minor  variations 
due  to  composition  changes.  The  average  Si  particle  area  in  the  Sr-free 
plates,  however,  was  over  four  times  greater  than  that  of  the  plates  that 
contained  Sr  (82  ^m^  versus  20  /im^)  . 

The  effect  of  solidification  rate  on  aspect  ratio  was  much  greater  for 
the  Sr-free  than  for  the  Sr-containing  plates.  The  average  Si  particle  area 
for  plates  without  Sr  that  were  solidified  at  the  faster  and  slower  rates  was 
68  and  95  ,  respectively.  For  plates  containing  Sr,  the  values  were  19  and 

21  /im^ ,  respectively. 

The  average  Si  particle  area  determined  for  the  OCS  plates  was  19  . 

There  was  no  significant  effect  of  solidification  rate  or  composition.  The 
results  were  essentially  the  same  as  those  for  the  WCS  Sr-containing  plates. 

c .  Spacing 

The  overall  average  Si  particle  spacing  for  the  WCS  plat.^s  was  41  /jm 
(Table  20).  The  average  Si  particle  spacing  for  ♦'he  Sr-containing  variants 
and  those  that  did  not  contain  Sr  was  36  //m  and  66  /xm,  respectively.  For  the 
Sr-free  plates,  the  faster  solidification  rate  (Cu  chill)  produced  a  slightly 
smaller  average  spacing  than  that  for  the  material  solidified  slowly  (Fe 
chill),  61  ^m  versus  70  nm.  No  effect  of  solidification  rate  was  observed  for 
the  Sr  containing  plates. 

The  average  spacing  for  the  OCS  plates  was  44  /xm,  i.e.  slightly  higher 
than  the  WCS  material  (41  ^ra) .  The  average  values  for  the  slow  and  fast 
solidification  rates  were  44.5  urn  and  42.5  pm,  respectively. 
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The  effect  of  Sr  content  on  the  Si  particle  aspect  ratio,  area,  and 
spacing  is  illustrated  in  Figure  17.  The  photomicrographs  are  typical  of 
material  taken  from  the  edge  of  the  plate.  The  Si  particles  of  the  Sr- free 
material  are  larger,  more  irregularly  shaped,  and  are  spaced  further  apart 
compared  with  those  observed  in  the  Sr-containing  material.  Large, 
irregularly  shaped  particles  of  the  type  seen  in  the  material  without  Sr  can 
be  detrimental  to  DADT  properties,  particularly  fatigue  crack  initiation 
[8,9]. 


Though  the  Sr  modified  the  Si  particles,  there  was  no  effect  on  DAS 
(Table  17).  For  material  under  the  chill,  the  Si  particle  morphology  was 
equivalent  for  botn  the  solidification  rates.  However,  the  addition  of  a 
modifier  such  as  Sr  will  promote  the  formation  of  an  optimum  Si  particle 
morphology  in  parts  of  a  casting  that  are  not  under  or  rear  a  chill.  This  may 
be  particularly  important  for  DADT  properties,  which  may  be  more  sensitive  to 
Si  particle  morphology  than  static  properties. 

The  mechanism  by  which  Sr  modifies  the  Si  particle  morphology  is  not 
fully  understood,  although  several  possible  expLanations  have  been  described 
[10].  Sr  may  change  the  •equilibrium  at  the  solid-liquid  interface  due  to 
solute  build-up,  producing  a  hard- to-detect  ten'.ary  phase.  Sr  may  also  change 
the  nucleation  kinetics  and  inhibit  growth  of  the  Si  particles  on  the 
preferred  [111]  plane. 

Percent  Porosity 

The  percent  porosity  .for  each  plate  was  deter-mined  using  image  analysis. 
The  data  were  obtained  from  specimen.s  taken  from  the  center  of  the  plate  under 
the  chill.  Each  result  presented  is  the  average  of  about  50  fields  of  view 
within  the  microstructure  specimen.  The  data  are  summarized  in  Table  21. 

For  the  WCS  plates,  the  average  porosity  of  the  material  solidified  at 
the  slower  rate  (Fe  chill)  was  .about  three  times  that  of  tire  fast 
solidification  .naterial  (Cu  chill).  This  is  probably  due  to  the  increased 
time  available  for  dissolution  of  hydrogen  fi.om  the  melt  at  the  slower 
solidification  rate  [10]  and/or  a  greater  hydrogen  content  in  the  higher 
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Figure  17.  Effect  of  Strontium  on  the  D357-T6  Microstructure 
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TABLE  21.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  PERCENT  POROSITY  OF  D357-T6 


PERCENT 

POROSITY 

COMPOSITION<1) 

(WT  %) 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION)*^^) 

AVC. 

315"F/12HR 

335*F/6HR 

315'’F/12HR 

335'’F/6HR 

(a)  Within  Comoosltion 

Specif ication 

0.19Ti-0.11rfn-0.053Be 

0.030 

0.040 

o.ooi^'*) 

0.001 

0.018 

0.07Ti-O.00Mn-O.04Be 

0.050 

O.OOi 

0.030 

O.CIO 

0.023 

0 . 60Mg 

0.040 

0.020 

0.001 

0.040 

0.02  5 

0.56Mg 

0.010 

0.001 

O.OOl 

0.001 

0.003 

7 .413i 

0 . 001 

0.070 

0.030 

0 . 060 

0.040 

6.53Si 

0.060 

0.010 

0.001 

0.020 

0.02  3 

O.lSFe 

0.050 

0.010 

0.001 

0.001 

0.016 

O.OOSr 

0.050 

0.030 

0.001 

0.001 

0.021 

Non-inal 

0.001 

0.030 

0.001 

0.001 

0.01  0 

Average 

0.047 

0.024 

0.007 

0.015 

0.02  3 

(bl  Outside  Composition  Specification 

0.45Mg 

0.001 

0.001 

0.001 

0.110 

0.02  8 

O.OOTi 

O.OOl 

0.030 

0.001 

0.001 

0.008 

0.027Ffc-0.0005Be 

0.001 

0.001 

0.001 

0.001 

0.001 

Average 

0.001 

0.011 

0.001 

0.037 

0.012 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  1A40°F  pour  temperature 

(3)  Cu  chill;  1380°F  pour  temperature 

(4)  No  poiosity  detected- -below  the  detection  limit  of  the  equipment 
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temperature  melt.  However,  even  with  the  same  melt  gas  content,  a  slower 
solidification  rate  would  tend  to  promote  the  formation  of  more  gas  porosity 
than  that  for  material  solidified  more  rapidly.  The  actual  hydrogen  content 
of  the  melt  was  not  determined,  but  bubbles  were  not  detected  in  the  vacuum 
test  samples  from  any  of  the  melts.  The  other  process  variables  had  no  effect 
on  the  percent  porosity.  X-ray  inspection  showed  all  plates  to  be  Grade  B  or 
better . 

All  the  OCS  plates  were  also  Grade  B,  or  better,  according  to  X-ray 
radiography.  Unlike  the  WCS  plates,  no  significant  effect  of  solidification 
rate  on  the  percent  porosity  was  observed.  Only  two  of  the  12  plates 
contained  a  detectable  amount  of  porosity  (one  each  for  slow  and  fast 
solidification  rate  material) . 

5.3.3  Tensile  Properties 

The  tensile  property  data  are  summarized  in  Tables  22,  23,  and  24  for 
the  plates  that  were  within  and  outside  the  composition  specification.  The 
overall  average  tensile  properties  are  51  ksi/43  ksi/5  percent  and  51  ksi/42 
ksi/8  percent  for  the  WCS  and  OCS  plates,  respectively. 

The  average  ultimate  and  yield  strengths  for  the  two  groups  of  materials 
were  very  similar,  though  the  elongation  of  the  OCS  material  was  higher  than 
that  of  the  WCS  material.  The  results  are  discussed  in  more  detail  below. 

Ultimate  Tensile  Strength 

The  UTS  (Table  22)  was  not  significantly  affected  by  any  of  the 
composition  variants.  A  slightly  higher  value  was  obtained  for  the  WCS  plates 
solidified  at  tne  faster  rate  compared  with  those  solidified  more  slowly, 
i.e.,  52.2  ksi  versus  53.7  ksi.  A  slightly  higher  UTS  (52.1  ksi)  was  obtained 
for  the  WCS  variants  that  were  aged  at  335° F  for  6  hours  compared  with  those 
that  were  aged  ac  315°F  for  12  hours  (50.7  ksi). 

The  UTS  of  the  OCS  plates  was  not  significantly  affected  by  aging 
conditions,  solidification  rate,  or  composition. 
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TABLE  22.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  ULTIMATE  TENSILE  STRENGTH  OF  D357-T6 


AVERAGE 

ULTIMATE  TENSILE  STRENGTH 

(ksi) 

COMPOSITION^^) 

(WT  %) 

AGE 

(SLOW  SOLIDIFICATION)  (^-) 

AGE 

(FAST  SOLIDIFICATION) (3) 

AVG . 

315°F/12HR 

335”F/6HR 

315'’F/12HR 

335°F/6HR 

(a)  Within  Comnosltion 

Specification 

0.19Ti-0.10Mn-0.053Be 

50.4 

50.3 

51.2 

53.4 

51.3 

0 ,07Ti-O.0OMn-O.O4Be 

49.0 

51.8 

49.1 

54.2 

51.0 

0 . 60Mg 

49.7 

51.8 

52.0 

54.6 

52.0 

0.56Mg 

50.1 

52.1 

53.5 

54.1 

52.5 

7.4lSi 

49.5 

51.4 

51.0 

51.8 

50.9 

6. 53Si 

49.8 

53.2 

51.6 

51.4 

51.5 

0. 18F« 

50 . 0 

51.2 

52.2 

52.0 

51.4 

O.OOSr 

49.6 

51.2 

.“^2.5 

52.7 

51 ,  5 

Nominal 

51  ,  5 

49.5 

50.7 

51.4 

50.8 

Average 

50.0 

51.4 

51 ,  5 

52.8 

51.4 

(bl  Outside  Coitidos  i  t  i  on  Spec  L  f  i  c.it  ion 

0 . 45Mg 

50.6 

51.8 

50.5 

49.0 

50. 5 

0. OOTi 

51 .0 

48.9 

52.0 

51 ,  5 

50 . 9 

0.027Fe-0.0005Be 

52.5 

51  8 

49.0 

52 . 3 

51  .4 

Average 

51.4 

50.8 

50. 5 

51.0 

50.9 

(1)  Other  elements  were  mid-ranee  of  the  specification 

(2)  Fe  chill;  14A0°F  pour  temperature 

(3)  Cu  chill;  1380°F  pour  teniperature 
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TABLE  23.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  YIELD  STRENGTH  OF  D357-T6 


AVERAGE  YIELD 

STRENGTH  (ksi) 

C0MP0SITT0N<1) 

(WT  %) 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) (3) 

AVG. 

315‘’F/12HR  335°F/6HR 

315°F/12HR 

335'’F/6HR 

(a)  Within  Comnosition 

Snecification 

0.19Ti-0.10Mn-0.053Be 

42.1 

43.6 

41.8 

44.5 

43.0 

0,07Ti-0.00Mn-0.04Be 

41.9 

43.8 

41.6 

44.6 

43.0 

0 . 60Mg 

41.2 

44.7 

43.1 

45.7 

43.7 

0. 56Mg 

42.0 

43.9 

42.8 

45.8 

43.6 

7,41Si 

41.9 

44.5 

41.8 

44.0 

43.0 

6. 53Si 

41.6 

44.7 

42.0 

43.8 

43.0 

0, 18Fe 

42.8 

45.2 

43.3 

45.0 

44.1 

O.OOSr 

42.5 

45.5 

43.0 

44.3 

43.8 

Nominal 

42.8 

42.4 

41.6 

45.1 

43.0 

Average 

42.1 

44.2 

42.3 

44.8 

4  3.4 

Outside  Comnosition  Snecification 

0 . 45Mg 

40.1 

42.8 

38.9 

41.0 

40. 7 

O.OOTi 

41.8 

41 . 8 

42.0 

43 . 2 

42 . 2 

0.027Fe  0.0005Be 

42.8 

44.9 

42.8 

44.4 

43.7 

Average 

41 . 6 

43.2 

41.2 

42 . 9 

42 . 2 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  1440°F  pour  temperature 

(3)  Cu  chill;  1380''F  pour  temperature 
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TABLE  2U.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  ELONGATION  OF  D357-T6 


AVERAGE  ELONGATION  (%) 


COMPOS ITION(I) 

(WT  %) 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) (3) 

MG , 

315“F/12HR 

335"F/6HR 

315“F/12HR 

335°F/6HR 

(a)  Wi.t;hia..C-gmpQ3.l-tioj] 

Specification 

0.19TJ -0.10Mn-0.053Be 

5.2 

1.5 

6.5 

6.8 

5.0 

O.07Ti-0.O0Mn-0.O4Be 

4.0 

5.0 

3.5 

9.2 

5.4 

0 . 60Mg 

4.5 

4.2 

6.0 

7.0 

5.4 

0.56Mg 

4.6 

5.5 

9.5 

7.0 

6.7 

7.41Si 

4.0 

3.2 

6.8 

5.2 

4.8 

6.53Si 

5.1 

6.0 

9.0 

5.7 

6.5 

O.lSFe 

3.2 

3.0 

5.2 

5.2 

4.2 

O.OOSr 

2.5 

1.8 

5.5 

4.2 

3.5 

Nominal 

5.8 

4.1 

5.3 

3.6 

4.7 

Average 

4.3 

3.6 

6.4 

6.0 

5.1 

(b)  Outside  Comcosition  Specification 

0.45Mg 

11.2 

7.6 

13.6 

6.3 

9,7 

O.OOTi 

6.0 

3.2 

7.2 

6.7 

5.8 

0.027Fe-0.0005Be 

10.9 

6.8 

10.1 

5.6 

8.3 

Average 

9.3 

5.9 

10.3 

6.2 

7.9 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  1440°F  pour  temperature 

(3)  Cu  chill;  1380°F  pour  temperature 
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In  summary,  the  UTS  (WCS  plates)  was  influenced  only  by  solidification 
rate  and  aging  procedures. 

Tensile  Yield  Strength 

Similar  to  the  UTS,  the  yield  strength  (Table  23)  was  not  significantly 
affected  by  composition.  On  average,  the  WCS  plates  had  a  slightly  higher 
yield  strength  than  the  OCS  plates  (43. A  ksi  versus  42.2  ksi,  respectively). 
The  variant  that  differed  most  from  the  overall  average  value  was  the  low  Mg 
(0.45  percent)  variant  (OCS),  with  a  yield  strength  of  40.7  ksi.  The 
solidification  rate  did  not  affect  the  yield  strength  of  either  the  WCS  or  the 
OCS  plates . 

The  aging  conditions  had  the  most  significant  effect  on  yield  strength. 
The  material  aged  at  335°?  for  6  hours  had  a  higher  yield  strength  than  that 
aged  at  315°F  for  12  hours.  For  the  WCS  plates  the  averages  were  44.5  ksi  and 
42.2  ksi,  respectively.  For  the  OCS  plates,  the  yield  strength  values  were 
43.0  ksi  and  41.4  ksi,  respectively. 

In  summary,  the  yield  strength  was  influenced  mainly  by  the  aging 
conditions.  The  OCS  plates  had  a  slightly  lower  yield  strength  than  those 
that  were  within  the  composition  specification. 

Elongation 

The  composition  had  a  greater  effect  on  elongation  to  failure  (Table  24) 
than  it  had  on  either  the  ultimate  or  the  yield  strengths.  The  WCS  variants 
that  did  not  contain  Sr  had  the  lowest  average  value  (3.5  percent).  The  OCS 
plates  had  the  highest  elongation,  particularly  the  low  Mg  (9.7  percent)  and 
the  low  Fe/Be  (8.3  percent)  variants. 

The  plates  that  were  solidified  at  the  faster  rate  had  an  average 
elongation  of  6.2  percent  (WCS)  and  8.2  percent  (OCS).  For  the  WCS  plates, 
the  elongation  for  the  rapidly  solidified  material  was  higher  (6.2  percent) 
than  those  that  were  solidified  more  slowly  (4.0  percent).  For  the  OCS 
plates,  the  difference  in  elongation  due  to  solidification  rate  was  not 
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significant  (7.8  percent  and  8.2  percent  for  the  slow  and  fast  solidification 
rate  plates,  respectively). 

For  the  WCS  plates,  the  aging  conditions  had  no  affect  on  the  average 
elongation.  The  values  were  5.3  percent  and  4.9  percent  for  the  315°F/12  hour 
and  335‘’F/6  hour  combinations,  respectively.  For  the  OCS  plates,  the  average 
elongation  for  the  335‘’F/6  hour  aging  combination  plates  was  6  percent, 
compared  with  9.8  percent  for  those  that  were  aged  at  315°F  for  12  hours. 

In  summary,  composition,  solidification  rate,  and  aging  condition  (OCS 
plates  only)  all  influenced  the  elongation  to  failure. 

5.3.4  Notched  Tensile  Strength  and  NTS/YS  Ratio 

The  average  NTS  and  NTS/Yb  ratio  data  for  each  plate  are  shown  in  Tables 
25  and  26,  respectively.  The  overall  average  NTS  values  for  WCS  and  OCS 
material  are  52.5  ksi  and  54.9  ksi,  respectively.  The  corresponding  NTS/YS 
ratios  are  1.21  and  1.30. 

The  Sr-free  plates  had  a  significantly  lower  NTS  (44.1  ksi)  than  any 
other  composition  variant.  The  Sr-free  material  also  had  by  far  the  lowest 
NTS/YS  ratio  (1.01).  The  modified  Si  particle  morphology,  which  is  due  to  the 
presence  of  Sr,  clearly  has  a  beneficial  affect  on  the  NTS  and  the  NTS/YS 
ratio,  indicating  that  Sr  should  significantly  improve  fracture  toughness  in 
those  areas  of  a  casting  that  do  not  benefit  from  being  near  a  chill.  The 
effect  of  Sr  on  Si  particle  morphology  was  shown  in  Figure  17.  The  effect  of 
Sr  on  the  NTS/YS  ratio  is  plotted  in  Figure  18  for  the  WCS  plates  and  shows 
that  the  highest  NTS/YS  ratio  was  obtained  for  material  that  contained  about 
0.013  percent  Sr. 

The  low  Fe/Be  OCS  variant  had  the  highest  NTS  (58.5  ksi)  and  a  NTS/YS 
ratio  (1.34)  that  was  significantly  higher  than  the  average  value  for  the  WCS 
material  (1.21).  The  highest  NTS/YS  ratio  (1.37)  was  obtained  for  the  OCS  low 
Mg  material.  These  results  indicate  that  the  low  OCS  Fe/Be  and  Mg  variants 
should  each  have  excellent  fracture  toughness,  which  is  consistent  with  the 
excellent  ductility  obtained  for  both  variants. 
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TABLE  25.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  NOTCHED  TENSILE  STRENGTH  OF  D357-T6 


AVERAGE 

NOTCHED 

TENSILE  STRENGTH 

(ksi) 

COMPOSITION(I) 

AGE 

AGE 

(WT  %) 

(SLOW  SOLIDIFICATION) (■) 

(FAST  SOLIDIFICATION) (3) 

AVG. 

315'’F/12HR  335*F/6HR 

315'’F/12HR 

335‘’F/6HR 

(a)  Within  Comoosltion  Snecif ication 

0. 19Ti-0. 10Mn-0.053Be 

51.9 

48.4 

56.0 

56.9 

53.3 

0.07Ti-0.00Mn-0.04Be 

55.7 

53.6 

55.2 

58.9 

55.9 

0 . 60Mg 

51.6 

53.9 

56.0 

56.9 

54.6 

0. 56Mg 

48.8 

54.4 

57.7 

58.1 

54.7 

7.41Si 

51.1 

52.2 

53.0 

50.0 

51.6 

6.53Si 

48.8 

50.8 

55.2 

56.0 

52.7 

O.lSFe 

52.8 

48.6 

53.8 

52.3 

51.9 

O.OOSr 

43.2 

42.7 

46.0 

44.4 

44.1 

Nominal 

55.9 

52.4 

55.8 

49.8 

53.5 

Average 

51.1 

50.8 

54.3 

53.7 

52.5 

Outside  Comnosition  Soecif ication 

0 . 45Mg 

58.0 

55.1 

56.0 

52.9 

55.5 

O.OOTi 

52.9 

44.9 

51.2 

54.1 

50.8 

0.027Fe-0.0005Be 

61.2 

57.0 

57.5 

58.0 

58.5 

Average 

57.4 

52.4 

54.9 

55.0 

54.9 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  14''0°F  pour  temperature 

(3)  Cu  chill;  1380°F  pour  temperature 
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TABLE  26.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  NTS/YS  RATIO  OF  D357-T6 


AVERAGE  NTS/YS  RATIO 


COMPOSITION(I) 

(WT  %)  (S 

AGE 

LOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION)  O) 

AVG , 

315°F/12HR  335°F/6HR 

315°F/12HR 

335°F/6HR 

(a)  Within  Comoosition  Soecif ication 

0.19Ti-0.10Mn-0.053Be 

1.23 

1.11 

1.34 

1.28 

1.24 

0.07Ti-0.00Mn-0.04Be 

1.33 

1.22 

1.33 

1.32 

1.30 

0 . 60Mg 

1.26 

1.21 

1.30 

1.25 

1.25 

0.56Mg 

1.16 

1.24 

1.35 

1.26 

1.25 

7.41Si 

1.22 

1.17 

1.27 

1.14 

1.20 

6.53Si 

1.17 

1.14 

1.32 

1.27 

1.22 

0.18Fe 

1.24 

1.08 

1.24 

1.16 

1.18 

O.OOSr 

1.02 

0.94 

1.07 

1.00 

1.01 

Nominal 

1.31 

1.24 

1.34 

1.11 

1.25 

Average 

1.21 

1.15 

1.28 

1.20 

1.21 

Outside  Comoosition 

Soecif ication 

0.45Mg 

1.45 

1.29 

1.44 

1.29 

1 .  37 

O.OOTi 

1.26 

1.07 

1.22 

1.25 

1 . 20 

0.027Fe-0.0005Be 

1.43 

1.27 

1.35 

1.31 

1.34 

Average 

1.38 

1.21 

1.33 

1.28 

1.30 

(1)  Other  elements  were 

mid-range  of 

the  specification 

(2)  Fe  chill;  1440° F  pour  temperature 

(3)  Cu  chill;  1380°F  pour  temperature 
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The  solidification  rate  also  influenced  both  the  NTS  and  the  NTS/YS 
ratio.  For  the  WCS  plates,  the  NTS  averaged  54  ksi  and  51  ksi  for  the  fast 
and  slow  solidification  rates,  respectively.  For  the  OCS  variants,  the 
average  NTS  was  the  same  for  both  solidification  rates,  about  55  ksi.  The 
NTS/YS  ratio  was  1.24  for  the  fast  solidification  rate  WCS  material,  compared 
with  1.18  for  the  slow  solidification  rate  material.  For  the  OCS  variants, 
the  NTS/YS  ratio  was  the  same  (1.30)  for  the  two  solidification  rates. 

The  aging  conditions  did  not  influence  the  NTS  of  the  WCS  material.  The 
NTS  for  the  315°F/12  hour  combination  was,  however,  higher  than  the  335'’F/6 
hour  material  for  the  OCS  variants,  56.1  ksi  versus  53./  ksi.  The  NTS/YS 
ratio  was  slightly  higher  for  the  315°F/12  hour  aging  condition  than  for  the 
335'’F/6  hour  age  for  both  the  WCS  (1.24  and  1.17)  and  the  OCS  (1.35  and  1.24) 
variants.  The  variations  in  the  NTS/YS  ratio  were  due  to  the  change  in  yield 
strength  with  aging  condition. 

In  summary,  NTS  and  NTS/YS  ratio  improvements  were  obtained  by  including 
Sr  to  modify  the  Si  particle  morphology.  The  fast  solidification  rate  was 
also  beneficial,  compared  with  the  slower  rate.  Low  levels  of  Mg  and  Fe/Be  in 
specific  OCS  plate  variants  resulted  in  high  NTS  and  NTS/YS  ratio  values. 

5.3.5  Fatigue  Life 

The  fatigue  life  data  are  summarized  in  Table  27  for  plates  that  were 
both  within  and  outside  the  composition  specification.  All  the  data  in  Table 
27  are  log  averages  of  the  fatigue  life  results  for  each  plate.  A  minimum  of 
two  specimens  were  tested  for  each  plate.  Additional  tests  were  conducted 
where  a  considerable  discrepancy  between  the  two  test  results  was  obtained. 

All  fatigue  tests  were  conducted  under  constant  amplitude  loading  using  a  net 
maximum  stress  of  20  ksi,  and  an  R  ratio  of  0.1. 

Significant  scatter  of  the  fatigue  life  data  for  individual  specimens 
was  obtained,  which  is  typical  for  most  materials.  The  precise  location  of 
casting  defects  in  the  specimen  Influences  fatigue  life,  which  would  be 
shorter  if  the  defects  were  located  near  the  area  of  peak  stress  (near  the 
hole)  .  The  overall  averages  were  117  x  10^  and  66  x  10^  cycles  to  failure  for 
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TABLE  27.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  FATIGUE  LIFE  OF  D357-T6 


composition(^) 

LOG  AVERAGE 

FATIGUE  LIFE 

(10^  CYCLES 

TO  FAILURE)* 

AVERAGE 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) (3) 

315“F/12HR 

335*F/6HR 

315*F/12HR  335*F/6HR 

(a)  Within  Comoosition  Soecif ication 

0.19Ti-0.10Mn-0. 

053Be  98 

104 

193 

222 

149 

0.07Ti-0.00Mn- 0. 

04Re  168 

136 

163 

199 

165 

0 . 60Mg 

78 

102 

373 

165 

150 

0. 56Mg 

145 

86 

620 

523 

252 

7.41Si 

66 

59 

117 

58 

76 

6.53Si 

94 

131 

103 

92 

104 

0.18Fe 

70 

84 

102 

350 

118 

O.OOSr 

53 

75 

175 

79 

99 

Nominal 

57 

66 

40 

44 

51 

Log  Average 

85 

90 

156 

144 

117 

fb)  Outside  Comoosition  Soecif ication 

0.45Mg 

78 

59 

88 

56 

69 

O.OOTi 

78 

54 

56 

71 

64 

0.027Fe-0.0005Be  82 

73 

53 

54 

64 

Log  Average 

79 

62 

64 

60 

66 

*  Specimen  with 

a  hole ;  Kt  2 .42 

;  net  maximum 

stress  -  20 

ksi 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  1440* F  pour  tempera tiire 

(3)  Cu  chill;  1380°F  pour  temperature 
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the  WCS  and  OCS  materials,  respectively.  There  were  differences  in  fatigue 
life  between  the  composition  variants  that  were  at  the  maximum  and  minimum 
composition  limits  for  a  given  alloying  element  or  group  of  elements. 

However,  because  of  the  scatter  in  the  results,  differences  in  the  average 
fatigue  life  values  for  the  compositional  variants  shown  in  Table  27  were 
considered  to  be  insignificant. 

The  WCS  material  that  was  solidified  at  the  faster  rate  had  a  longer 
average  fatigue  life  (150  x  10^  cycles)  compared  with  that  for  the  slow 
solidification  rate  material  (88  x  10^  cycles).  This  higher  average  fatigue 
life  is  attributed  to  a  lower  percentage  porosity  in  these  plates  (0.011 
percent)  compared  with  the  material  solidified  more  slowly  (0.035  percent)  as 
shown  in  Table  21.  Fatigue  cracks  typically  initiate  at  pores  in  casting 
alloys  [ 11 ] . 

No  significant  effect  of  aging  conditions  on  the  fatigue  life  of  the  WCS 
variants  was  apparent. 

Even  considering  the  large  amount  of  scatter  in  the  data,  the  average 
fatigue  life  for  the  OCS  plates  (66  x  10^  cycles  to  failure)  was  significantly 
shorter  than  that  of  the  WCS  plates.  No  significant  effects  of  composition, 
solidification  rate,  or  aging  conditions  were  observed. 

In  summary,  the  fatigue  life  of  the  WCS  D357-T6  appears  to  be  related  to 
the  percent  porosity,  even  though  all  the  plates  were  Grade  B,  or  better. 

5.3.6  Regression  Analysis 

Linear  and  nonlinear  regression  analyses  were  conducted  as  described  in 
Section  5.2.4.  The  results  are  summarized  in  Table  28.  The  percent  variation 
in  each  dependent  variable  (e.g.,  mechanical  property)  explained  by  the 
independent  variables  in  the  linear  analysis  (e.g.,  composition)  are  listed. 
The  individual  contributions  of  the  independent  variables  in  the  nonlinear 
analysis  are  not  shown  because  they  cannot  be  defined  due  to  the  cross¬ 
correlation  terms  generated.  However,  the  total  contribution  of  the  relevant 
variables  is  listed.  In  general,  the  results  of  the  regression  analyses 
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support  the  overall  trends  observed  from  the  data  discussed  in  previous 
subr  actions . 

The  effect  of  aging  condition  consisted  of  concurrently  varying 
temperature  and  time  and  is  represented  in  the  repression  analyses  only  by  the 
aging  temperature  for  the  two  temperature/time  combinations  evaluated  (3;j^"F/6 
hours  and  315°F/12  hours).  The  solidification  rate  was  represented  by  the 
average  DAS  for  the  fast  (0.0021  inch)  and  slow  (0.0024  inch)  rates  at  a  point 
midway  between  the  center  and  edge  of  the  plate  (Figure  16). 

All  the  WCS  and  OCS  data  were  Included  in  the  data  set.  The  results  for 
the  linear  and  nonlinear  analyses  are  discussed  separately  below. 

Linear  Analysis 


The  criterion  used  to  accept  or  reject  the  contribution  of  an 
independent  variable  to  the  variation  of  the  dependent  variable  was  a  5 
percent  probability  of  error.  This  large  percentage  was  chosen  so  that  the 
best  indication  of  the  contributing  variables  could  be  determined. 

The  dependent  variables  with  the  largest  explained  variations  were  yield 
strength,  NTS,  NTS/YS  ratio,  and  Si  particle  size  area,  spacing,  nod  aspect 
ratio.  With  the  exception  of  yield  strength,  the  Sr  content  had  Llie  most 
significant  effect  on  these  parameters  The  yield  strength  was  primarily 
influenced  by  the  aging  parameters  (50  percent)  with  smaller  contributions 
from  Mg  (15  percent)  and  Fe  (14  percent). 

Other  significant  contributions  to  the  variation  in  the  dependent 
variables  were  elongation  (25  percent  -  Mg),  and  DAS  at  the  edge  of  the  plate 
(22  percent  -  Mn) .  The  relationship  observed  earlier  (Section  5.3.2)  between 
solidification  rate  and  percent  porosity  was  not  confirmed  by  the  regression 
analysis . 
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Nonlinear  Analvsi.s 


A  tighter  acceptance/rejection  criterion  of  one  percent  was  used  in  this 
analysis.  Despite  this  fact,  the  total  percentage  variation  explained  by  the 
nonlinear  analysis  was  usually  greater  than  that  determined  by  the  linear 
analysis.  If  the  nonlinear  percentage  is  lower  but  similar  to  the  linear 
value,  a  linear  relationship  is  indicated.  If  the  nonlinear  percentage  is 
greater  than  the  linear  percentage,  the  increase  is  due  to  the  inclusion  of 
second-order  and/or  cross-product  terms.  For  example,  the  total  percent 
variation  in  the  NTS/YS  ratio  increased  from  68  percent  (linear  analysis)  to 
78  percent  (nonlinear  analysis).  By  plotting  the  data  (Figure  18),  it  was 
shown  that  a  nonlinear  relationship  existed  between  the  NTS/YS  ratio  and  the 
Sr  content. 

Other  increases  in  the  total  percent  variation  explained  were  noted  for 
elongation,  NTS,  fatigue  life,  DAS,  and  Si  particle  area,  aspect  ratio,  and 
spacing,  indicating  nonlinear  relationships. 

The  UTS  showed  a  reduction  in  the  percent  variation  explained  from  25 
percent  (linear)  to  zero  percent  (nonlinear).  This  reduction  is  probably  due 
to  tne  tighter  (1  percent)  error  level  for  the  nonlinear  analysis  and  the  fact 
that  the  linear  correlation  was  relatively  weak.  For  the  percent  porosity, 
the  percent  variation  explained  increased  from  zero  percent  (linear)  to  IV 
percent  (nonlinear) .  Even  the  latter  is  too  small  to  indicate  a  significant 
correlation  between  percent  porosity  and  any  of  the  independent  variables. 

5. A  CONCLUSIONS 

The  combined  conclusions  from  both  the  tabulated  data  and  the  regression 
analyses  regarding  the  effect  of  process  variables  on  the  mechanical 
propierties  and  microstructural  features  of  D357-T6  are  as  follows; 

1 ,  Compos  1 1 ion 

•  The  addition  of  Sr  improved: 
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Si  particle  morphology  of  material  that  was  not  under  tho 
chill 

NTS  and  NTS/YS  ratio  (up  to  0.013  percent  Sr)  and  dvictilitv 

•  Low  Fe/Be  and  Mg  material  (OCS)  had  the  highest  ductility  and 
NTS/YS  ratio 

•  Low  Ffe/Be  material  (OCS)  had  the  highest  NTS 

•  Low  Mg  material  (OCS)  had  the  lowest  yield  strength  and  highest 
ductility 

2 .  Solidification  Rate 

•  The  faster  solidification  rate  (Cu  chill)  improved  ultimate 
strength,  ductility,  NTS,  NTS/YS  ratio,  and  the  fatigue  life  of 
the  WCS  plates 

•  There  was  no  significant  effect  of  solidification  rate  on  the 
properties  of  OCS  plates 

3 .  Aging  Temoerature/Time 

•  The  yield  strength  was  higher  for  the  335°F/6  hours  aging 
condition  than  for  315^/12  hours  (WCS  and  OCS  plates) 

•  Ductility,  NTS,  and  the  NTS/YS  ratio  were  higher  for  the  OCS 
plates  that  were  aged  at  315°F  for  12  hours  than  those  aged  at 
335°F  for  6  hours 

4 .  Property  Optimization 

The  requirements  for  optimizing  the  DADT  and  tensile  properties  of 

D357-T6  do  not  conflict. 

5 . 5  RECOMMENDATIONS 

1.  To  obtain  the  best  balance  of  mechanical  properties,  the  approved 

AMS  4241  specification,  with  the  addition  of  a  Si  modifier,  such  as 

Sr,  should  be  used  for  producing  the  Task  2,  Phase  I,  D357-T6 

veril' cation  plates  and  for  the  remainder  of  the  DADTAC  program. 
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2. 


The  plates  for  subsequent  characterization  of  DADT  properties 
should  hav3  a  DAS  below  0.0024  Inch  In  designated  areas. 


3.  D357-T6  should  be  solution  treated  according  to  AMS  4241  [1] 

(1010±10“F).  The  quenching  and  precipitation  heat  treatment 
procedure  should  be  established  by  the  foundry  to  achieve  the 
required  casting  properties. 


90 


SECTION  6 

PHASE  I,  TASK  2  -  B201-T7  SCREENING  TESTS 


6 . 1  INTRODUCTION 

The  overall  objective,  procedures,  and  test  methods  for  the  B201-T7 
screening  test  subtask  were  the  same  as  those  described  in  Section  5.1  for 
D357-T6.  The  composition  for  the  east  plates  was  based  on  the  AMS  A242  (Draft 
40GD)  specification  [2].  The  target  tensile  properties  were  60  ksi  UTS, 

50  ksi  YS,  and  3  percent  elongation.  Average  properties  are  presented  in 
"tion  6;  individual  test  results  are  included  in  Appendix  B. 

6.2  EXPERIMENTAL  PROCEDURES 

6.2.1  Process  Variables 


Thirty-two  plates  with  variations  of  composition,  solidification  rate, 
and  aging  parameters  were  produced  by  Hitchcock  Indu.':  tries .  Twenty- four 
plates  were  within  the  AMS  4242  composition  specification;  the  remaining  eight 
plates  were  intentionaj ly  outside  the  specification  to  strength  the  regression 
analysis.  Each  plate  was  0.75  inch  thick  x  6  inches  wide  x  12  inches  long. 

The  same  pattern,  and  gating  and  risering  systems  were  used  to  produce  each 
plate.  Figure  19  shows  the  orientation  of  the  gates,  risers,  and  chills  (drag 
only)  used  to  produce  these  plates. 

The  plates  were  produced  using  the  composition  specification  AMS  4242 
(Draft  40GD) ,  which  is  shown  in  Table  29.  This  initial  draft  was  subsequently 
modified  and  approved  for  general  release.  The  modifications  were  (1)  a 
change  in  the  range  for  Ag  from  0. 5-1.0  percent  to  0.4  0.8  percent,  and 
(2)  the  Mg  range  was  changed  from  0.25-0.35  percent  to  0.20-0.30  percent. 

A  summary  of  the  B201  composition  variations  evaluated  is  shown  in  Table 
30. 
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Figure  19.  Gating,  Risering,  and  Chill  Placement  Used 
for  the  B201  Process  Variable  Plates 
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TABLE  29.  COMPOSITION  SPECIFICATION  FOR  THE  B201-T7  SCREENING  PLATES 


ELEMENT 

RANGE 

MIN. 

(WT  %) 

MAX. 

Copper 

4.5 

5.0 

Silver 

0.5 

1.0 

Maganese 

0.20 

0.50 

Magnesium 

0.25 

0.35 

Titanium 

0.15 

0.35 

Iron 

0.05 

Silicon 

0.05 

Others,  each 

0.05 

Others,  total 

0.15 

Aluminum 

Balance 

(1)  AMS  4242  (Draft  40GD) 


TABLE  30.  COMPOSITION  VARIATIONS  FOR  THE  B201-T7  SCREENING  PLATES 


DEVIATION  FROM  MID-RANGE  OF 
COMPOSITION  VARIABLES  COMPOSITION  SPECIFICATION ^ ^ ) 


BEI.OW  ABOVE 


MIN. 

MIN. 

MAX. 

MAX. 

Ti,  Mn 

(2) 

X 

(2) 

X 

Cu,  Ag,  Mg 

(2) 

X 

X 

X 

Fe,  Si 

(2) 

(2) 

(2) 

X 

Ti 

Nominal 

X 

(2) 

(2) 

(2) 

(1)  AMS  4242 

(2)  Not  evaluated 
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It  was  not  possible  to  vary  all  the  key  elements  individually;  Ti-Mn, 
Cu-Ag-Mg,  and  Fe-Sl  were  combined  to  form  three  groups  of  elements,  The 
target  for  those  elements  not  being  specifically  varied  was  the  middle  of  the 
allowed  composition  range. 

Two  different  solidification  rates  were  achieved  by  varying  the  pour 
temperature  and  chill  material.  Copper  or  iron  chills  were  placed  along  the 
center  of  the  plates  and  pour  temperatures  of  1350°F  and  1450°F,  respectively, 
were  used  to  obtain  two  solidification  rates.  Similar  to  D357,  the  Cu-  and 
Fe- chilled  BiOl  plates  are  referred  to  in  this  report  as  fast  and  slow 
solidification  rate  plates,  respectively. 

All  plates  were  hot  Isostatically  pressed  (HIPed)  to  reduce  the  amount 
of  microshrinkage  that  can  sometimes  be  present  in  B201.  This  step  was  taken 
to  reduce  the  number  of  potential  sites  for  fatigue  crack  initiation.  HIPing 
was  undertaken  by  step  heating  the  plates  up  to  950° F  and  holding  for  3  hours 
in  an  inert  gas  atmosphere  at  15,000  psi.  Improvements  in  mechanical 
properties,  particularly  fatigue  life,  were  previously  demonstrated  [12] . 

All  32  plates  were  solution  treated  identically.  They  were  held  at 
940 °F  for  2  hours,  960° F  for  2  hours,  and  980° F  for  16  hours  and  then  quenched 
in  room  temperature  water  with  a  maximum  quench  delay  time  of  8  seconds . 

The  effect  of  two  different  aging  temperature/time  combinations  was 
evaluated.  These  were  (1)  360  ±  5°F  for  8  hours,  and  (2)  380  ±  5°F  for  5 
hours.  These  combinations  were  selected  following  consultations  with 
foundries  as  being  within  the  range  of  temperatures  and  times  typically  used 
for  aging  B201  castings  to  the  T7  condition. 

The  variations  in  the  three  process  variables  (composition, 
solidification  rate,  and  aging  parameters)  provided  a  total  of  32 
combinations,  as  shown  in  Table  31. 

All  plates  were  Grade  B,  or  better,  according  to  MIL-A-2175.  The 
inspection  and  composition  verification  procedures  were  the  same  as  those  for 
D357,  described  in  Section  5.2.1. 


94 


TABLE  31.  PROCESS  VARIABLES  FOR  THE  B201-T7  SCREENING  PLATES 


SLOW  SOLIDIFICATION 

FAST  SOLIDIFICATION 

AGING  PARAMETERS 

AGING  PARAMETERS 

composition(I) 

360”F/8Hr  380°F/5Hr 

360“F/8Hr  380°F/5Hr 

Ti,  Mn 


Max . 

X 

X 

X 

X 

Min. 

X 

X 

X 

X 

Cu,  kg.  Mg 

Max . 

X 

X 

X 

X 

Min. 

X 

X 

X 

X 

Above 

Max . 

X 

X 

X 

X 

Fe,  Si 

Max. 

X 

X 

X 

X 

Ti 

Below 

Min. 

X 

X 

X 

X 

Nominal 

X 

X 

X 

X 

(1)  Other  elements  were  mid-range  of  the  specification  (AMS  4242) 
Note:  Each  "X"  represents  one  cast  plate  (total  of  32  plates) 
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6.2.2  Test  Procedures 


The  B201  screening  tests  were  identical  to  those  described  in  Section 
5.2.2  for  D357  except  that  the  net  maximum  stress  for  the  constant  amplitude 
fatigue  life  testing  was  raised  to  25  ksi, 

6  2.3  Micros true tural  Characterization 

The  grain  size  was  measured  at  both  the  edge  and  the  center  (under  the 
chill)  of  each  plate.  The  percent  porosity  in  each  plate  was  also  determined, 
using  image  analysis.  The  effectiveness  of  the  HIPing  in  reducing  the  amount 
of  microshrinkage  was  confirmed  by  determining  the  ultrasonic  attenuation  in 
each  plate  both  before  and  after  HIPing. 

6.2.4  Data  Analysis 

Data  were  analyzed  as  described  in  Section  5.2.4  for  D357. 

6.3  RESULTS  AND  DISCUSSION 

The  hardness  and  conductivity  values  for  each  plate  were  taken  after 
solution  heat  treatment  (SHT)  and  again  after  aging.  The  average  hardness 
(Rockwell  B)  of  the  24  WCS  plates  was  60  after  SHT  and  82  after  aging.  For 
the  OCS  plates,  the  values  were  67  and  91,  respectively.  The  conductivity 
(percent  of  lACS)  for  the  WCS  materials  was  28  percent  (SHT)  and  33  percent 
(aged).  For  the  OCS  plates,  the  corresponding  values  were  32  percent  and  33 
percent.  The  properties  are  summarized  and  discussed  in  the  following 
subsections.  Data  averaging  was  the  same  as  described  for  D357  in  Section 
5.3. 

6.3.1  Composition 

Melt  analyses  were  supplied  by  Hitchcock  Industries  and  confirmed  by 
Northrop.  Four  plates  were  made  for  each  composition  variant  (Table  31).  The 
average  contents  of  the  alloying  elements  that  were  specifically  controlled 
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are  summarized  in  Table  32.  The  target  for  the  elements  that  were  not 
specifically  controlled  was  the  raid-ranga  of  the  specification. 

6.3.2  Microstructure 

The  grain  size  and  percent  porosity  were  determined  at  two  locations  in 
each  plate,  under  the  chill  and  at  the  edge  of  the  plate.  The  results  are 
discussed  below. 

Grain  Size 


The  grain  size  results  are  presented  in  Table  33.  The  overall  WCS 
average  grain  size  was  0.0042  inch  under  the  chill  and  0.0046  inch  at  the  edge 
of  the  plate.  Composition  had  a  noticeable  effect  on  these  values.  The 
variants  with  high  levels  of  Ti/Mn  or  Fe/Sl  had  the  smallest  average  grain 
sizes.  The  low  Ti/Mn  and  Cu/Ag/Mg  variants  had  larger-than-average  grain 
sizes.  The  observed  effect  of  varying  the  Ti/Mn  content  is  to  be  expected 
because  Ti  is  added  as  a  grain  refiner.  The  Ti  was  added  to  each  melt  with 
the  same  delay  time  before  pouring.  Thus,  the  observed  effect  of  Ti  is  not 
due  to  variations  in  the  residence  time  in  the  melt  before  pouring. 

The  solidification  rate  had  the  anticipated  effect;  the  faster  rate 
produced  a  smaller  average  grain  size  at  the  chill  (0.0038  inch)  than  the 
slower  rate  (0.0047  inch).  The  effect  of  solidification  rate  was  much  more 
pronounced  for  the  low  Ti/Mn  than  for  the  high  Ti/Mn  variant,  as  might  be 
expected.  The  high  levels  produced  a  small  g''ain  size  even  when  the 
solidification  rate  was  slow,  indicating  that  the  grain  size  was  relatively 
independent  of  solidification  rate.  The  grain  size  of  the  high  Fe/Si  variant 
was  also  relatively  independent  of  solidification  rate. 

For  the  OCS  plates,  the  overall  average  grain  size  was  0.0064  inch,  both 
under  the  chill  and  at  the  edge  of  the  plate.  The  average  values  for  the  high 
Ag-Cu-Mg  variants  were  especially  high.  The  values  for  the  very  low  Ti 
variant  were  similar  to  those  for  the  WCS  plates  that  had  a  Ti  level  near  the 
specification  minimum. 
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TABLE  32.  COMPOSITION  OF  THE  B201  SCREENING  PLATES 


ELEMENT  (WT 

%) 

ELEMENT 

content(I) 

Ti-Mn 

Cu-Ag-Mg 

Fe-Si 

Ti 

Above  Max . 

(2) 

5.25-1.45-0.43 

(2) 

(2) 

Max . 

0.35-0. A3 

4.95-0,98-0.32 

0.041-0.043 

(2) 

Min . 

0.19-0. 24 

4.65-0.57-0.26 

(2) 

(2) 

Below  Min . 

(2) 

(2) 

(2) 

0.052 

(1)  All  other 

elements  were 

mid-range  of  the 

specification 

(2)  Not  evaluated 

Note:  Plates  of  nominal  composition  were  also  evaluated 
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TABLE  33.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  GRAIN  SIZE  OF  E201-T7 


COMPOSITION(I) 

GRAIN  SIZE 

(10-^  IN.) 

AVi: , 

AGE 

SPECIMEN 

LOCATION  (SLOW  SOLIDIFICATION) 

AGE 

(2)  (FAST  SOLIDIFICATION) ( 

360“F/8HR 

380*F/5HR 

360‘’F/8HR 

380'’F/5HR 

('a')  Within  Comoosition  Soecif ication 

0. 35Ti'0,43Mn 

Chill 

24 

33 

28 

24 

2  / 

Edge 

33 

33 

28 

24 

30 

0.19Ti-0.24Mn 

Chill 

67 

79 

33 

33 

5  5 

Edge 

67 

79 

47 

33 

5/ 

4.95Cu-0.98Ag 

Chill 

40 

47 

40 

47 

44 

-0.32Mg 

Edge 

56 

56 

33 

47 

48 

4.65Cu-0.57Ag 

Chill 

47 

57 

40 

47 

48 

-0.26Mg 

Edge 

67 

67 

33 

47 

54 

0.04lFe-0.043Si 

Chill 

20 

24 

33 

28 

2  6 

Edge 

28 

28 

40 

28 

31 

Nominal 

Chill 

55 

70 

50 

55 

58 

Edge 

60 

60 

55 

60 

58 

Average 

Chill 

42 

52 

38 

38 

42 

Edge 

52 

54 

39 

39 

46 

fb)  Outside  Comoosition  Soecif ication 

0.052Ti 

Chill 

47 

56 

47 

56 

52 

Edge 

56 

67 

47 

56 

57 

5 . 25Cu- 1 .45Ag- 

Chill 

90 

70 

70 

75 

76 

0.43Mg 

Edge 

75 

70 

65 

70 

70 

Average 

Chill 

69 

63 

59 

66 

6''* 

Edge 

66 

69 

56 

63 

64 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  1450°F  pour  temperature 

(3)  Cu  chill;  1350°F  pour  temperature 
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Percent  Porosltv 


Similar  to  the  D357  screening  plates,  an  assessment  of  the  percent 
porosity  present  in  each  B201  plate  was  obtained  using  the  microstructure 
specimen  excised  from  underneath  the  chill.  Unlike  D357,  almost  no  gas  or 
shrinkage  porosity  was  detected  in  any  of  the  20  B201  plates.  Microshrinkage 
porosity  was  sealed  by  HIPing.  Ultrasonic  attenuation  measurements  taken  both 
before  and  after  HIPing  confirmed  the  reduction  of  microshrinkage.  The 
average  ultrasonic  attenuation  was  reduced  from  3.21  to  0.59  dB/cm  by  HIPing. 

6.3.3  Tensile  Properties 

Tensile  properties  are  summarized  in  Tables  34,  35,  and  36.  The  overall 
average  WC3  tensile  properties  were  65  ksi  (UTS),  59  ksi  (YS) ,  and  seven 
percent  elongation,  which  were  significantly  higher  than  the  target  values 
(60/50/3).  The  equivalent  values  for  the  OCS  plates  were  72  ksi  (UTS),  67  ksi 
(YS)  and  three  percent  elogation.  Stress  corrosion  tests  were  conducted  on 
B201  from  both  aging  conditions  to  confirm  that  the  material  was  in  the 
overaged  (T7)  condition.  Specimens  were  exposed  for  30  days  to  alternate 
immersion  in  salt  water  at  a  stress  of  37.5  ksi.  No  failures  were 
experienced.  The  results  for  each  of  the  three  tensile  properties  are 
discussed  separately  below. 

Ultimate  Strength 

The  UTS  (Table  34)  was  highest  for  those  variants  that  had  the  highest 
levels  of  Cu/Ag/Mg  (69.6  ksi  average).  This  is  as  expected  because  these  are 
the  main  strengthening  elements  added  to  B201.  The  lowest  UTS  (62.3  ksi)  was 
obtained  for  the  plates  that  contained  the  maximum  levels  of  Fe  and  Si 
impurities.  The  UTS  of  the  low  Ti/Mn  variant  was  slightly  greater  than  that 
of  the  high  Ti/Mn  variant,  65.8  ksi  versus  63.3  ksi. 

The  UTS  was  slightly  higher  for  material  solidified  at  the  faster  rate 
than  for  slower  solidification  rate  material  (66  ksi  versus  64  ksi).  The  UTS 
was  slightly  higher  (66  ksi)  for  the  plates  that  were  aged  at  360°F  for  8 
hours  than  those  aged  at  380°F  for  5  hours  (64  ksi). 
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TABLE  34.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  ULTIMATE  TENSILE  STRENGTH  OF  B201-T7 


COMPOSITION^!) 

(WT  %) 

AVERAGE  ULTIMATE  TENSILE 

STRENGTH  (ksi) 

AVG. 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) (!) 

SeO^F/SHR 

38C 

rF/SHR 

360 

“F/SHR 

380°F/5HR 

(a)  Within  Comoosition 

Soecif ication 

0. 35Ti-0.43Mn 

64.3 

61.4 

65.0 

62.4 

63  .  3 

0. 19Ti-0.24Mn 

66.5 

65.6 

66.1 

65.2 

65.8 

4.95Cu-0.98Ag-0.32Mg 

70.1 

69.3 

69.8 

69.2 

69.6 

4.65Cu-0.57Ag-0.26Mg 

65.2 

64.7 

65.1 

63.8 

64  .  7 

0.041Fe-0.043Si 

64.5 

60.0 

64.3 

60.3 

62.3 

Nominal 

60.4 

59.6 

71.3 

69.6 

65.2 

Average 

65.2 

63.4 

66.9 

65.1 

65.  1 

^b)  Outside  ComDOsltion  Soeclf ication 

0.052Ti 

68.6 

67.2 

69.0 

67.6 

68 .  1 

3.25Cu-1.45Ag-0.43Mg 

74.4 

74.0 

77.5 

75.9 

75.5 

Average 

71.5 

70.6 

73.2 

71 . 8 

71 . 8 

(1)  Ocher  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  1450°F  pour  temperature 

(3)  Cu  chill;  1350°F  pour  temperature 
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TABLE  35.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  YIELD  STRENGTH  OF  B201-T7 


COMPOSITION(I) 

(WT  %) 

AVERAGE  YIELD 

STRENGTH  (ksi) 

AVG. 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) (3) 

360“F/8HR 

38C 

l'*F/5HR 

360“F/8HR 

38C 

)°F/5HR 

(a)  Within  Comoosition 

Soecif ication 

0.35Ti-0.43Mn 

59.2 

56.1 

58.5 

56.0 

57.5 

0.19Ti-0.24Mn 

61.0 

59.8 

60.3 

59.0 

60.0 

4.95Cu-0.98Ag-0.32Mg 

64.8 

63.5 

63.8 

63.2 

63.8 

4 . 65Cu- 0 . 57Ag-0 . 26Mg 

58.5 

57.4 

58.1 

56.4 

57.6 

0.041Fe-0.043Si 

59.0 

55.5 

58.7 

55.5 

57.2 

Nominal 

59.7 

58.3 

62.7 

62.0 

60.7 

Average 

60.4 

58.4 

60.4 

58.7 

59.5 

fb)  Outside  Composition  Soecif ication 

0,052Ti 

64.0 

62.4 

64 . 1 

62.5 

63 . 2 

5.25Cu-1.45Ag-0.43Mg 

72.5 

70.1 

72.4 

69.8 

71.2 

Average 

68.2 

66.2 

68.2 

66.2 

67.2 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  1450* F  pour  temperature 

(3)  Cu  chill;  1350*F  pour  temperature 
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TABLE  36.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  ELONGATION  OF  B201-T7 


AVERAGE 

ELONGATION  (%) 

composition(^) 

(WT  %) 

AGE 

(SLOW  SOLIDIFICATION) 

AGE 

(2)  (FAST  SOLIDIFICATION) (3) 

AVG. 

360'’F/8HR  380" 

F/5HR 

360"F/8HR 

380°F/5HR 

ra^  Within  Comnosition 

Soecification 

0. 35Ti-0.43Mn 

7.2 

5.2 

10.7 

2.3 

6.3 

0.19Ti-0.24Mn 

6.2 

6.1 

9.6 

9.5 

7.9 

4,95Cu-0.98Ag-0.32Mg 

4.4 

6.0 

8.7 

7.3 

6.6 

4.65Cu-0.57Ag-0.26Mg 

7.2 

8.8 

9.5 

9.7 

8.8 

0.041Fe-0.043Si 

7.0 

5.7 

8.6 

7.2 

7.1 

Nominal 

0.3 

0.5 

9.3 

8.3 

4.6 

Average 

6.4<^) 

6.3(^> 

9.4 

7.4 

6.9 

■■BM— 

0.052Ti 

3.0 

2.9 

3.2 

3.1 

3.1 

5.25Cu-1.45Ag-0.43Mg 

1.4 

2.4 

5.7 

5.3 

3.7 

Average 

2.2 

2.6 

4.5 

3.4 

ex'!  Other  elements  were  mid-range  of  the  specification 
(2/  Fe  chill;  lASQ'T  pour  temperature 

(3)  Cu  chill;  1350°F  pour  temperature 

(4)  Data  for  the  nominal  composition  variant  were  not  used  to  compute  the  average 
value  because  they  were  below  the  minimum  specification  requirement 
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In  summary,  the  UTS  of  the  WCS  variants  was  slightly  influenced  by 
composition,  aging  conditions,  and  solidification  rate. 

The  UTS  of  both  the  OCS  variants  was  higher  than  the  average  for  the  WCS 
plate.s,  particularly  the  above-maximum  levels  of  Ag-Cu-Mg,  the  main 
strengthening  elements.  The  effects  of  solidification  rate  and  aging 
conditions  were  similar  to  those  for  the  WCS  plates.  Increased  solidification 
rate  (72.6  ksi  versus  71.0)  and  the  360"F/8  hour  age  (72.4  versus  71.2)  gave  a 
higher  UTS. 

Yield  Strength 

The  WCS  yield  strength  (Table  35)  was  dependent  upon  the  levels  of 
Cu/Ag/Mg  and  Ti/Mn.  The  average  yield  strength  was  58  ksi  for  the  low 
Cu/Ag/Mg  levels  and  64  ksi  for  the  maximum  levels.  The  high  Ti/Mn  variant  had 
an  average  yield  strength  of  58  ksi,  while  the  low  Ti/Mn  variant  had  an 
average  yield  strength  of  60  ksi.  The  lowest  average  yield  strength  (57  ksi) 
was  obtained  for  the  high  Fe/Si  material. 

There  was  no  significant  effect  of  solidification  rate  on  yield 
strength . 

A  slight  difference  in  yield  strength  was  observed  for  the  two  aging 
conditions;  the  360°F/8hr  age  gave  a  higher  value  (60  ksi)  than  that  for 
material  aged  at  380°F  for  5  hours  (58  ksi).  This  was  similar  to  the  trend 
observed  by  the  UTS. 

In  summary,  the  yield  strength  of  the  WCS  B201-T7  variants  was 
influenced  by  composition  and  the  aging  conditions. 

The  yield  strength  for  the  OCS  material  was  much  higher  than  the  WCS 
variant,  particularly  for  the  above-maximum  Ag-Cu-Mg  plates.  Similar  to  the 
WCS  material,  the  yield  strength  was  influenced  by  the  aging  conditions. 
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Elongation  . 


The  elongation  to  failure  of  the  WCS  variants  showed  (Table  36)  a 
dependence  upon  composition.  At  the  higher  Cu/Ag/Mg  content,  the  elongation 
was  less  than  that  at  the  lower  Cu/Ag/Mg  level,  6.6  percent  versus  8.8 
percent,  respectively.  The  low  Ti/Mn  variant  had  an  elongation  slightly 
greater  than  that  of  the  high  Ti/Mn  variant,  7.9  percent  versus  6.3  percent. 
The  nominal  composition  material  that  was  solidified  at  the  lower  rate  had  a 
very  low  ductility  (0.5  percent),  which  is  clearly  anomalous.  One  of  the  low 
ductility  specimens  was  metallographically  examined;  extensive  porosity  with 
oxidized  pore  surfaces  was  observed,  which  probably  resulted  in  the  low 
ductility. 

Higher  elongation  values  were  obtained  at  the  faster  solidification  rate 
(eight  percent  versus  six  percent).  The  elongation  to  failure  was  essentially 
independent  of  the  aging  combinations. 

In  summary,  the  elongation  to  failure  of  the  WCS  material  was  mainly 
influenced  by  composition  and  by  the  solidification  rate. 

The  average  ductility  of  both  of  the  OCS  variants  was  low. 

Solidification  rate  had  a  significant  effect  on  the  results  for  the  above 
maximum  Ag-Cu-Mg  material.  No  effect  of  aging  conditions  was  observed. 

6.3.4  Notched  Tensile  Strength  and  NTS/YS  Ratio 

The  notched  tensile  strength  and  NTS/YS  ratio  data  are  summarized  in 
Tables  37  and  38,  respectively.  The  overall  average  NTS  value  for  the  WCS 
plates  was  86.2  ksi.  As  a  function  of  composition,  the  NTS  ranged  from  82.0 
ksi  (high  Fe/Si)  to  89.2  ksi  (low  Ti/Mn).  The  high  Ti/Mn  variant  had  a  NTS  of 
87.2  ksi.  Both  the  high  and  low  Cu/Ag/Mg  variants  had  the  same  NTS  (85.5 
ksi)  . 
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TABLE  37.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  NOTCHED  TENSILE  STRENGTH  OF  B20] -T7 


AVERAGE 

NOTCHED  TENSILE  STRENGTH  (ksl) 

COMPOSITION(I) 

(WT  %) 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) (3) 

AVG. 

360°F/8HR 

380°F/5HR 

360°F/8HR 

380"F/5HR 

^a)  Within  Comoosition 

Soecif ication 

0. 35Ti-0.43Mn 

85.5 

84.2 

91.2 

87.8 

87.2 

0.19Ti-0.24Mn 

87.3 

87.2 

91.9 

90.5 

89.2 

4.95Cu-0.98Ag-0.32Mg 

81.2 

83.9 

86.0 

91.3 

85.6 

4.65Cu-0.57Ag-0.26Mg 

83.2 

80.9 

89.0 

88.7 

85.5 

0.041Fe-0.043Si 

89.0 

74.0 

90.0 

75.2 

82.0 

Nominal 

83.3 

78.3 

97.3 

90.9 

87.5 

Average 

84.9 

81.4 

90.9 

87.4 

86.2 

fbi  Outside  Comoosition  Soecif ication 

0.052Ti 

74.6 

71,8 

70.7 

74.2 

72.8 

5.25Cu-1.45Ag-0.43Mg 

79.4 

77.9 

89.7 

85.6 

83.2 

Average 

77.0 

74  8 

80.2 

79.9 

78.0 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  1450° F  pour  temperature 

(3)  Cu  chill;  1350°F  pour  temperature 
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TABLE  38.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  NTS/YS  RATIO  OF  B201-T7 


AVERAGE  NTS/YS  RATIO 

COMPOSITION(I) 

(WT%) 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) (3) 

AVC. 

360°F/8HR 

380°F/5HR 

360°F/8HR 

380°F/5HR 

(a)  Within  Comoosition 

Soecif ication 

0. 35Ti-0.43Mn 

1.45 

1.50 

1.56 

1.57 

1.52 

0.19Ti-0.24Mn 

1.43 

1.46 

1.52 

1.53 

1.49 

4.95Cu-0.98Ag-0.32Mg 

1.25 

1.32 

1.35 

1.45 

1.34 

4.65Cu-0.57Ag-0.26Mg 

1.42 

1.41 

1.53 

1.57 

1.48 

0.041Fe-0.043Si 

1.51 

1.33 

1.53 

1.36 

1.43 

Nominal 

1.39 

1.34 

1.55 

1.46 

1.44 

Average 

1.41 

1.39 

1.51 

1.49 

1.45 

Cb)  Outside  Comoosition  Soecif ication 

0.052Ti 

1.17 

1.15 

1.10 

1.19 

1 .15 

5.25Cu-1.45Ag-0.43Mg 

1.09 

1.12 

1.24 

1.23 

1 .17 

Average 

1.13 

1.13 

1.17 

[mn 

1.16 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  1450° F  pour  temperature 

(3)  Cu  chill;  1350°F  pour  temperature 
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The  average  NTS  was  higher  for  material  solidified  at  the  faster  rate 
(88  ksl  versus  84  ksi)  than  that  for  the  slow  solidification  rate  material. 

The  360* F/8  hour  aging  condition  resulted  in  a  slightly  higher  NTS  than  the 
380°F/6  hour  age  (87  ksl  versus  84  ksi). 

For  the  OCS  plates,  a  very  low  NTS  was  obtained  for  the  low  Ti  variant 
(72.8  ksi).  Material  solidified  at  the  faster  rate  had  a  higher  NTS  value 
than  for  the  slow  solidification  rate  material  (80  ksi  versus  76  ksi),  which 
is  the  same  trend  as  that  for  the  WCS  material. 

As  a  function  of  composition,  the  average  NTS/YS  ratio  for  the  WCS 
material  ranged  from  1.34  to  1.52,  the  average  value  being  1.45.  The  high  and 
low  values  were  obtained  for  the  high  Ti/Mn  and  high  Cu/Ag/Mg  variants, 
respectively.  The  ratio  was  higher  (1.50)  for  the  fast  solidification  rate 
than  that  for  material  solidified  more  slowly  (1.41).  No  effect  of  aging 
conditions  on  the  NTS/YS  ratio  was  observed. 

In  summary,  the  NTS  of  the  WCS  material  was  influenced  by  composition, 
solidification  rate,  and  aging  condition.  The  NTS/YS  ratio  was  affected  by 
composition  and  solidification  rate. 

The  average  value  (1.16)  and  the  range  of  NTS/YS  values  for  the  OCS 
plates  were  much  lower  than  the  WCS  material,  indicating  that  their  toughness 
is  probably  low.  No  effect  of  solidification  rate  or  aging  conditions  was 
observed . 

6.3.5  Fatigue  Life 

At  least  two  fatigue  specimens  from  each  plate  were  tested  at  a  net 
maximum  stress  of  25  ksi.  This  is  a  higher  stress  than  that  used  for  D357-T6 
because  B201-T7  has  an  inherently  longer  fatigue  life  at  a  given  stress.  The 
same  stress  could  net  be  used  for  the  two  alloys  because  there  would  have  been 
a  significant  number  of  runouts  (B201-T7)  or  a  very  short  fatigue  life  (D357- 
T6) .  The  choice  of  two  stress  levels  was  acceptable  because  the  objective  was 
to  determine  the  effect  of  process  variables  on  the  fatigue  life  of  each 
alloy,  rather  than  to  compare  the  results  for  the  two  alloys.  Where 
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considerable  discrepancy  between  the  two  results  occurred,  additional  tests 
were  run.  The  data  are  sununarized  in  Table  39.  Log  average  values  are 
quoted.  The  data  scatter  was  significant,  which  is  not  unusual  for  this  type 
of  test.  The  overall  log  average  fatigue  life  for  the  WCS  plates  was  151  x 
10^  cycles.  The  average  fatigue  life  range  for  the  WCS  variants  was  70  x  10^ 
to  373  X  10^  cycles.  Because  of  the  amount  of  data  scatter,  there  were  no 
apparent  correlations  between  fatigue  life  and  any  of  the  three  process 
variables . 

The  average  fatigue  life  of  the  OCS  plates  (78  x  10^  cycles)  was  lower 
than  for  the  WCS  material.  No  correlation  with  the  process  variables  was 
observed. 

6.3.6  Regression  Analysis 

Linear  and  nonlinear  regression  analyses  were  conducted  as  described  in 
Section  5. 2. A.  The  results  are  summarized  in  Table  AO,  The  overall  approach 
was  the  same  as  that  for  D357-T6,  described  in  Section  5.3.6.  The  regression 
analysis  results  reported  in  the  First  Interim  Report  were  slightly  different 
from  those  described  below  because  the  data  for  the  OCS  material  were  not 
available  when  the  report  was  published  in  1988. 

The  Ag  content  accounted  for  significant  portions  of  the  total  percent 
variation  explained  in  the  ultimate  and  yield  strengths  and  had  a  smaller 
effect  on  the  NTS/YS  ratio.  The  data  presented  in  Tables  3A  and  35  showed 
that  the  combined  Cu/Ag/Mg  level  significantly  influenced  the  tensile 
strength.  Clearly,  from  the  regression  analysis,  Ag  was  the  main  contribator 
of  these  three  elements. 

In  the  Interim  Report,  Ti  content  showed  a  strong  correlation  with  grain 
size  and,  to  a  lesser  extent,  yield  strength.  Since  Ti  is  added  as  a  grain 
refiner,  the  correlation  was  to  be  expected  and  was  noted  from  the  data 
presented  in  Table  33.  However,  inclusion  of  the  OCS  data  showed  a  much  lower 
correlation  with  grain  size  (reduced  from  A5  percent  to  9  percent)  and  an 
increased  correlation  with  NTS  and  the  NTS/YS  ratio  (from  0  percent  to  24 
percent  and  A2  percent,  respectively). 
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TABLE  39.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  FATIGUE  LIFE  OF  B201-T7 


LOG  AVERAGE 

FATIGUE  LIFE 

(103 

CYCLES 

TO  FAILURE)* 

COMPOS  ITION^l-) 

AGE 

(SLOW  SOLIDIFICATION) (2) 

AGE 

(FAST  SOLIDIFICATION) (3) 

AVG. 

360®F/8HR 

380 

|®F/5HR 

360 

'F/8HR 

380'’F/5HR 

(a)  Within  Comoosition 

Soecif ication 

0.35Ti-0.A3Mn 

145 

169 

135 

278 

174 

0.19Ti-0.24Mn 

179 

373 

190 

150 

222 

4.95Cu-0.98Ag-0.32Mg 

157 

150 

125 

131 

141 

4.65Cu-0.57Ag-0.26Mg 

118 

137 

147 

113 

128 

0.041Fe-0.043Si 

147 

119 

158 

122 

137 

Nominal 

116 

70 

72 

365 

121 

Log  Average 

142 

159 

132 

173 

151 

^b')  Outside  Comoosition  Soecif ication 

0.052Ti 

134 

48 

63 

93 

79 

5.25Ag-1.45Cu-0.43Mg 

82 

53 

105 

79 

78 

Average 

105 

51 

82 

85 

78 

*Specimen  with  a  hole; 

Kt  -  2.42; 

net 

maximum  stress 

-  25  ksi 

(1)  Other  elements  were  mid-range  of  the  specification 

(2)  Fe  chill;  1450°F  pour  temperature 

(3)  Cu  chill;  1350®F  pour  temperature 
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TABIE  40.  LENEAR  AND  NGNIiTNEAR  REGRESSION  ANALYSIS  RESULTS  PCR  B201-T7 
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(2)  1%  error  level 

(3)  At  the  edge  of  the  plate 


Inclusior  of  the  OCS  data  showed  an  increase  in  the  correlations  between 
Si  and  grain  size  (from  0  percent  to  44  percent),  and  solidification  rate  and 
elongation  (from  23  percent  to  45  percent). 

The  percent  variations  explained  in  all  the  dependent  variables  except 
fatigue  life  were  similar  for  the  linear  and  nonlinear  analyses,  indicating 
that  linear  relationships  probably  exist.  The  correlation  between  fatigue 
life  and  the  process  variables  was  low  for  both  linear  and  nonlinear  analyses. 

6.4  CONCLUSIONS 

The  combined  conclusions  from  both  the  tabulated  data  and  the  regression 
analyses  regarding  the  effect  of  process  variables  on  the  mechanical 
properties  and  microstructural  features  of  B201-T7  are  as  follows: 

1 .  Composition 

•  Higher  Cu/Ag/Mg  levels  Increased  UTS  and  YS ,  and  reduced  EL  and 
the  NTS/YS  ratio 

•  The  high  Fe/Sl  levels  provided  the  lowest  UTS  value 

•  Higher  Ti/Mn  levels  slightly  decreased  the  UTS,  YS ,  and  EL,  but 
gave  the  highest  NTS/YS  ratio 

•  The  lowest  ductility  (3.1  percent)  was  obtained  for  low  Ti  (OCS) 
material . 

2 .  Solidification  Rate 

The  faster  solidification  rate  (Cu  chill)  increased  ductility,  NTS, 

and  the  NTS/YS  ratio. 

3 .  Aging  Temperature/Time 

The  360° F/8  hour  aging  condition  gave  higher  average  UTS,  YS ,  and 

NTS  values  than  those  for  material  aged  at  380° F  for  5  hours. 
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.  Property  Optlmizatton 


The  requirements  for  optimizing  the  DADT  and  tensile  properties  of 
B201-T7  do  not  conflict.  The  benefits  of  HIPing  were  demonstrated 
by  the  reduction  in  ultrasonic  attenuation  in  HIPed  plates  compared 
with  plates  that  had  not  been  HIPed. 

6 . 5  RECOMMENDATIONS 

1.  The  approved  AMS  4242  specification  should  be  used  for  producing  the 
B201-T7  verification  plates  for  the  remaining  portion  of  Task  2, 
Phase  I,  and  for  the  plates  required  for  Task  3,  Phase  I.  All  the 
plates  should  be  HIPed. 

2.  The  plates  for  subsequent  DADT  characterization  on  the  DADTAC 
program  should  have  a  maximum  grain  size  of  0.0035  inch.  This  may 
be  obtained  through  Ti  additions  and/or  chilling,  v/hich  will  also 
minimize  the  formation  of  shrinkage  sponge. 
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SECTION  7 

PHASE  I,  TASK  2  -  PROPERTY  VERIFICATION 


7 . 1  INTRODUCTION 

The  objective  of  the  property  verification  subtask  was  to  perform  a 
detailed  DADT  characterization  for  D357-T6  and  B201-T7  made  according  to  the 
optimum  material  and  processing  conditions  determined  during  the  Screening 
Subtask  described  in  Sections  5  and  6.  D337-T6  and  B201-T7  plates  were  cast 

by  Hitchcock  Industries,  Fansteel  Wellman  Dynamics,  and  Alcoa  according  to 
specifications  derived  from  the  screening  evaluations.  The  specifications 
were  based  on  the  process  variables  that  provided  the  best  overall  balance  of 
tensile  and  DADT  properties.  The  use  of  three  foundries  to  produce  material 
to  the  same  specification  enabled  property  variations  that  might  be  typical  of 
the  casting  industry  to  be  determined.  The  test  results  for  the  three 
foundries  are  described  for  Foundries  A,  B,  or  C;  this  designation  does  not 
correspond  to  the  order  listed  above. 

Because  a  large  amount  of  data  was  obtained  during  the  verification 
subtask,  average  property  values  are  typically  presented  in  Section  7.  The 
individual  test  results  are  included  in  Appendices  C  (D357-T6)  and  D  (B201 - 
T7)  . 

7.2  EXPERIMENTAL  PROCEDURES 

7.2.1  Production  of  Castings 

Plates  with  dimensions  16  x  6  x  1.25  inches  were  used  for  the 
verification  evaluations.  The  1.25  inch  plate  thickness  enabled  valid 
fracture  toughness  specimens  to  be  obtained.  However,  a  limited  number  of 
plates  of  the  thickness  (0.75  inch)  used  in  the  screening  evaluations  of  Pbiase 
I ,  Task  2  (Sections  5  and  6)  were  also  evaluated  to  assure  chat  the 
verification  material  properties  were  similar  to  those  obtained  from  the  best 
screening  task  plates. 
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The  requirements  given  to  the  foundries  are  outlined  in  the  following 
sections.  Key  mechanical  and  microstructural  properties  were  specified,  but 
the  foundries  were  given  the  freedom  to  select  the  production  methods  that 
would  best  enable  them  to  produce  plates  with  the  required  properties.  All 
areas  of  the  plates  were  designated. 

7. 2. 1.1  D357-T6 

Screening  evaluation  data  (Section  5)  indicated  that  there  was  no 
conflict  in  the  requirements  for  optimizing  tensile  and  DADT  properties. 
Therefore,  the  AMS  4241  composition  specification  [1]  was  used.  Table  41,  with 
the  addition  of  a  silicon  modifier,  which  was  shown  in  the  screening 
evaluations  (Section  5)  to  improve  mechanical  properties,  particularly  the 
NTS/YS  ratio  (an  indicator  of  toughness)  and  ductility.  Although  Sr  was  used 
during  the  screening  evaluation,  two  foundries  (Alcoa  and  Fanstet 1  Wellman 
Dynamics)  preferred  to  use  sodium  for  the  verification  plates  based  on  prior 
experience  with  modifiers.  Hitchcock  Industries  used  Sr. 

Each  foundry  produced  two  plates  of  the  same  size  as  the  screening 
plates  (12  X  6  X  0.75  inch)  and  eight  larger  plates  (16  x  6  x  1.25  inch).  The 
smaller  plates,  which  were  the  same  size  as  those  used  in  the  screening 
evaluation  portion  of  Phase  I,  Task  2.  vere  tested  to  assure  that  the 
properties  of  the  optimally-produced  screening  material  could  be  reproduced 
using  the  verification  material  specifications.  Because  castings  are  often 
quenched  in  a  glycol/water  solution  to  reduce  distortion  (by  reducing  the 
cooling  rate)  of  complex-shaped  parts  and/or  those  that  have  significant 
thickness  variations,  three  of  the  eight  large  plates  were  quenched  in  a  room 
temperature  glycol  (25  percent)/water  solution;  the  remaining  plates  were 
quenched  in  room  temperature  water.  The  rigging  system  and  aging  treatments 
were  the  same  for  the  glycol-quenched  and  water -quenched  plates. 

The  minimum  tensile  properties  specified  were  based  on  the  results 
obtained  during  the  screening  evaluations  and  were  identical  to  the  AMS  4241 
specification  for  designated  areas,  as  follows: 
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TABLE  41.  COMPOSITION  SPECIFICATION^)  FOR  THE  D357  VERIFICATION  PLATES 


ELEMENT 

RANGE 

MIN. 

CWT  %') 

MAX. 

Silicon 

6.5 

7.5 

Magnesium 

0.55 

0.6 

Titanium 

0.10 

0.20 

Beryllium 

0.04 

0.07 

Strontium 

(2) 

0.008 

0.014 

Sodium 

0.001 

0.010 

Iron 

- 

0.12 

Manganese 

- 

0.10 

Others,  each 

- 

0.05 

Others,  total 

- 

0.15 

Aluminum 

Balance 

(1)  AMS  4241  plus  Si  modifier 

(2)  Sr  or  Na  was  used,  not  both 


117 


Ultimate  tensile  strength  -  50  ksl 

Yield  strength  at  0.2%  offset  -  AO  ksl 

Elongation  -  3% 

The  foundries  selected  their  preferred  aging  procedures  to  meet  the  mechanical 
property  requirements. 

No  weld  repair  was  allowed,  and  each  plate  was  rsquired  to  be  Grade  B  or 
better  by  one  percent  sensitivity  radiography  according  to  MIL-STD-2175 . 

The  rigging  systems  and  the  heat  treatment  procedures  used  by  the  three 
foundries  are  described  below. 

Alcoa 

The  rigging,  shown  in  Figure  20,  consisted  of  a  tapered  down  sprue 
leading  into  a  pouring  well  and  runner  system  which  fed  the  vertical  mold 
cavity.  Three  1 . 25 - inch- thick  copper  chills  were  used,  and  a  fiberglass 
screen  was  placed  between  the  pouring  well  and  runner  to  trap  foreign 
material . 

The  plates  were  solution  heat  treated  for  15  hours  at  1015* F  in  a  drop 
bottom  furnace.  The  temperature  was  controlled  to  within  +5*F  and  -10°F.  The 
plates  were  quenched  in  room  temperature  water  or  a  25  percent  glycol -water 
solution,  and  were  artificially  aged  at  335±5°F  for  6  hours. 

Hitchcock  Industries 


The  rigging  for  the  plates  is  shown  in  Figure  21.  Eight  2  x  2  x  1.5- 
inch- thick  iron  chills  placed  end  on  end  were  used  in  the  center  of  the 
horizontal  cope,  and  one  3  x  3  x  16-inch-long  copper  chill  was  used  in  the 
drag  to  obtain  directional  and  rapid  solidification.  Eight  insulated  risers 
spaced  at  approximately  A-inch  Intervals  were  used  to  feed  the  casting  during 
solidification.  The  mold  cavity  was  gravity  fed  through  an  insulated  gating 
system  which  contained  ceramic  filters  to  trap  foreign  material. 
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Figure  20.  Rigging  System  Used  by  Alcoa  to  Produce  D357  Plates 
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a.  Cope  Side  of  Casting 
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b.  Runner  and  Filter  System 


Figure  21.  Rigging  System  Used  by  Hitchcock  Industries  to 
Produce  D357  Plates 
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The  plates  were  solution  heat  treated  at  1010+5° F  for  24  hours  and 
quenched  in  room  temperature  water  or  a  25  percent  glycol-water  solution.  The 
plates  were  then  artificially  aged  at  315+5°F  for  13.5  hours. 

Fansteel  Wellman  Dynamics 

The  rigging  for  the  D357  plates  produced  by  Fansteel  Wellman  Dynamics  is 
shown  in  Figure  22.  A  2  x  4  x  16-inch-long  copper  chill  was  used  in  both  the 
cope  and  the  drag.  Ten  1 . 5- Inch -diameter  insulated  risers  spaced  at 
approximately  4- inch  intervals  were  used  to  feed  the  casting  during 
solidification.  The  mold  cavity  was  gravity  fed  through  the  gating  system, 
which  contained  ceramic  foam  filters  to  trap  foreign  material. 

Attached  bars,  shown  in  Figure  22,  were  co-cast  with  the  plates  to 
verify  heat  treatment.  The  water-  and  glycol -quenched  plates  were  solution 
heat  treated  at  1010°F  for  19  hours  and  16  hour.s ,  respectively,  prior  to 
quenching  at  room  temperature.  Following  a  24-hour  hold  at  room  temperature, 
all  the  plates  were  aged  for  6  hours  at  335°F. 

7 . 2 . 1 . 2  B201-T7 

Similar  to  D357-T6,  the  screening  evaluation  data  showed  that  there  was 
no  conflict  in  the  requirements  for  optimizing  tensile  and  DADT  properties. 
Consequently,  the  composition  specified  in  AMS  4242  (Table  42)  [2]  was  used 
for  the  ve.rif  ication  plates.  Each  foundry  produced  two  0 . 75  -  inch- thick  plates 
and  five  1 . 25- inch- thick  plates  and  selected  their  preferred  aging  treatment 
to  meet  the  mechanical  property  requirements.  All  areas  of  the  plates 
required  designated  properties  and  all  of  the  plates  were  quenched  in  room 
temperature  water.  To  minimize  raicroshrinkage ,  which  may  have  a  deleterious 
effect  on  fatigue  life,  all  B201  plates  were  HIPed.  HIPing  consisted  of  step¬ 
heating  the  as -cast  plates  to  950°F  and  holding  for  three  hours  in  an  inert 
gas  atmosphere  at  15,000  psi. 

The  specified  minimum  tensile  properties  were  based  on  the  results 
obtained  during  the  screening  evaluations  and  were  identical  to  the  AMS  4242 
specification  requirements  for  designated  areas,  as  follows; 
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1.5"  Dia. 


Figure  22.  Rigging  System  Used  by  Fansteel  Wellman  Dynamics 
to  Produce  D3.57  Plates 
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TABLE  42.  COMPOSITION  SPECIFICATION^^)  FOR  THE  B201  VERIFICATION  PLATES 


ELEMENT 

RANGE 

MIN. 

(WT  %) 

MAX. 

Copper 

4.50 

5.0 

Silver 

0.40 

0.8 

Maganese 

0.20 

0.50 

Magnesium 

0.20 

0.30 

Titanium 

0.15 

0.35 

Iron 

- 

0.05 

Silicon 

- 

0.05 

Others,  each 

- 

0.05 

Others,  total 

- 

0.15 

Aluminum 

Balance 

(1)  AMS  4242 
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Ultimate  tensile  strength  -  60  ksi 

Yield  strength  at  0.2%  offset  -  50  ksi 

Elongation  -  3% 

Similar  to  D357-T6,  weld  repairs  were  not  allowed,  and  each  plate  was 
required  to  be  of  a  Grade  B  or  better  radiographic  quality  (1  percent 
sensitivity) . 

Similar  to  the  D35?  plates,  each  foundry  designed  its  own  rigging  system 
and  selected  the  solution  heat  treat  and  aging  parameters  for  achieving  the  T7 
temper  and  the  required  mechanical  properties.  The  rigging  systems  and  heat 
treatment  procedures  used  by  the  three  foundries  are  described  below. 

Alcoa 

The  rigging  for  plates  was  the  same  as  that  used  for  the  D357  plates 
(Figure  20). 

The  plates  were  loaded  into  a  furnace  below  500® F  and  solution  heat 
treated  as  follows: 

2  hours  at  940110” F 
2  hours  at  960±10”F 

16  hours  at  980±10®F 

The  plates  were  then  quenched  in  room  temperature  water  and  artificially 
aged  for  5  hours  at  380±5®F. 

Hitchcock  Industries 


The  rigging  for  the  plates  was  similar  to  that  shown  in  Figure  21  except 
that  no  chills  were  used  in  the  cope.  One  2  x  3  x  16-inch-long  copper  chill 
was  used  in  the  drag  to  obtain  directional  solidification.  Eight  insulated 
risers  spaced  at  approximately  4- inch  intervals  were  used  to  feed  the  casting 
during  solidification.  The  mold  cavity  was  gravity  fed  through  an  insulated 
gating  system  which  contained  ceramic  filters  to  trap  foreign  material. 
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The  plates  were  loaded  into  a  furnace  below  500® F  and  solution  heat 
treated  as  follows; 

2  hours  at  940±10®F 
2  hours  at  950±10*F 

16  hours  at  980±10*F 

The  plates  were  then  quenched  in  room  temperature  water  and  aged  for  8 
hours  at  360±5®F. 

Fansteel  Wellman  Dynamics 

The  rigging  system  was  similar  to  that  used  for  D357,  shown  in  Figure 
22,  except  that  two  steel  chills  (2.5  x  2.5  x  8  inch)  instead  of  copper  were 
used  in  the  cope  to  promote  directional  solidification.  The  plates  were 
loaded  into  a  furnace  below  500“F  and  solution  heat  treated  as  follows; 

2  hours  at  920±10®F 
2  hours  at  950±10®F 
2  hours  at  970110® F 

16  hours  at  980110” F 

The  plates  were  quenched  into  room  temperature  water  and  then  naturally 
aged  at  room  temperature  for  24  hours,  followed  by  artificial  aging  at  36015° F 
for  8  hours . 

7.2.2  Test  Procedures 


The  1 . 25  -  inch- thick  plates  used  for  the  verification  evaluations  were 
radiographically  inspected  to  assure  that  all  material  was  Grade  B  or  better 
They  were  then  comprehensively  evaluated  using  the  tests  shown  in  Table  43. 
The  test  specimens  were  excised  randomly  from  the  1 . 25- inch- thick  plates  to 
determine  the  between-plate  and  foundry- to- foundry  mechanical  property 
variability. 
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TABLE  43.  VERIFICATION  TESTS  FOR  D357-T6  AND  B20I-T7 


NUMBER  OF  TESTS 

D357-T6 

B201-T7 

TEST 

SPECIFICATION 

WATER 

GLYCOL 

WATER 

QUENCH 

QUENCH 

QUENCH 

Tensile 

ASTM  B557 

28 

15 

26 

Notched  Tensile 

ASTM  E602 

34 

15 

26 

Fracture  Toughness 

ASTM  B646(l) 

7 

4 

7 

Constant  Amplitude 
Fatigue  Crack  Growth 

ASTM  E647 

6 

3 

6 

Stress-Life  Fatigue 

ASTM  E466 

Smooth 

14 

12 

15 

Notched 

10 

0 

8 

Stress  Corrosion 

ASTM  G47 

0 

0 

3 

Strain-Life  Fatigue 

ASTM  E606(2) 
and  E466 

12 

0 

12 

Metallography 

ASTM  El 12 

13 

8 

15 

Chemical  Analysis 

NA 

15 

6 

15 

(1)  In  addition  to  the 

ASTM  646  standard  test, 

short  bar 

testing 

was  performed  using  the  method  currently  under  review  by  ASTM 
(2)  A  new  specification  is  under  review  by  ASTM 


For  the  0 . 75- inch- thick  verification  plates,  only  tensile  and  notched 
tensile  tests  were  conducted.  The  results  were  compared  with  the  screening 
test  data  to  assure  that  the  properties  obtained  from  the  optimized  screening 
evaluation  plates  (Sections  5  and  6)  had  been  reproduced  in  the  verification 
plates . 

The  composition  of  each  plate  was  determined  using  Inductively  Coupled 
Plasma  (ICP)  analysis  to  confirm  the  foundry  melt  results.  The  DAS  of  the 
D357  plates  was  measured  using  a  line  Intercept  method  [6]  and  the  silicon 
particle  morphology  was  characterized  using  an  Omnicon  3500  image  analyzer. 
Specimens  were  excised  from  random  locations  throughout  the  plates. 

7.2.3  Equivalent  Initial  Flaw  Size  Analysis 

Durability  and  damage  tolerance  analysis  requirements  for  aircraft 
structure  are  defined  in  MIL-A-83444  and  MIL-A-87221.  For  damage  tolerance 
analysis  of  wrought  alloys,  the  presence  of  a  flaw  is  assumed  so  that  defects 
that  may  occur  in  critical  areas  of  a  part  during  manufacturing  are  accounted 
for.  Castings  contain  inherent  flaws  such  as  microporosity,  microshrinkage, 
or  foreign  material  that  may  not  be  detectable  by  normal  NDI  methods.  A 
limited  amount  of  these  defects  is  acceptable  in  premium  quality  aluminum 
castings  for  aerospace  applications.  An  equivalent  initial  flaw  size  (EIFS) 
must  be  determined  for  castings  to  account  for  these  inherent  flaws.  The  EIFS 
of  D357  and  B201  was  determined  from  the  Phase  I,  Task  2  (verification) 
fatigue  data  using  a  method  developed  previously  under  a  Northrop  IR&D  Program 
[13].  The  methodology  for  determining  the  EIFS  and  how  it  may  be  applied  to 
both  durability  and  damage  tolerance  analyses  are  summarized  below. 

7 . 2 . 3 . 1  Determination  of  Equivalent  Initial  Flaw  Size 

Stress-life  fatigue  results  for  smooth  round  bar  specimens  (Kg  -  1.0) 
were  used  to  obtain  an  estimate  of  the  inherent  material  EIFS.  The  value  of 
EIFS  (Bq) ,  which  initiates  a  crack  in  a  smooth  round  bar  fatigue  specimen,  is 
based  on  the  following  relationship  [13] . 
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®o  “  1  ai<l--"'/2)-(l-m/2)C(/9ASj»r/Q)"'Ni 


l/(l-n>/2) 


Eq.  7-1 


where 


H  “ 


a  selected  flaw  size  defining  initiation  which  is 
close  to,  but  in  excess  of  by  at  least  0.01 
inch. 


m  &  C  — 


^  - 


AS  - 

Ni  - 


the  slope  and  intercept,  respectively,  of  the 
Paris  equation  representing  the  da/dn  vs  AK  plot. 
The  da/dn  test  must  be  run  at  the  same  stress 
ratio  as  the  stress-life  fatigue  tests  for  the 
EIFS  analysis. 

the  stress  intensity  correction  factor  for  a 
semicircular  surface  flaw  of  a  depth  equal  to  the 
average  of  and  a^. 

the  elastic  stress  range  of  the  fatigue  specimen. 

the  number  of  cycles  for  the  fatigue  crack  to  grow 
to  aj^  from  a^ . 


Q  - 


a  crack  shape  factor,  equal  to 
2.464-0.212  (Sn,ax/<^y)2. 


where 


^max 


the  maximum  fatigue  stress. 


‘"y  “ 


yield  strength. 


The  value  of  Nj  is  determined  from  the  number  of  cycles  to  failure, 
using  the  following  relationship: 
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Aa 


(Nf/Ni) 


in/2 

(ai  +  Eq) 

1  +  - 

-  ^o) 


Eq.  7-2 


where  a  - 


the  crack  length  at  the  midpoint  of  the 
assumed  interval,  Aa. 


-  the  stress  intensity  correction  factor  at 

crack  length  T. 


The  EIFS  solution  involves  an  interpolation  between  Equations  7-1  and 
7-2  because  each  one  contains  Eq.  An  adequate  convergence  occurs  within  seven 
or  eight  iterations,  depending  on  the  initial  value  of  aj^  assumed. 

7 . 2 . 3 . 2  Anollcation  to  Durability  Analysis 


The  durability  analysis  was  performed  using  the  Northrop  sequence  crack 
initiation  program,  L00PIN8  [14],  using  data  generated  from  round  bar  strain- 
life  fatigue  test  specimens.  These  specimens  have  the  same  general  geometry 
as  those  used  to  obtain  the  EIFS  (Section  7. 2. 3.1). 


Using  the  average  EIFS,  obtained  as  described  in  Section  7. 2. 3.1,  the 
ratio  between  and  Nf  for  each  alloy  can  be  derived  from  Equation  7-2  for  a 
selected  value  of  Initiation  flaw  size  (aj) .  Hence,  the  failure  lives 
obtained  during  the  strain- life  tests  can  be  converted  to  the  cycles  required 
to  initiate  a  crack  of  the  selected  size.  Using  these  converted  data,  the 
L00PIN8  program  is  then  used  to  predict  the  life  to  initiate  a  crack  from  the 
material  EIFS  (Sq)  to  the  predefined  initiation  flaw  size  (a^) . 

7 . 2 . 3 . 3  Application  to  Damage  Tolerance  Analysis 

Damage  tolerance  analysis  is  based  on  the  assumption  that  crack  growth 
starts  from  a  "rogue"  flaw.  For  wrought  alloys,  the  size  of  this  flaw  is 
generally  defined  [15]  as  a  0.050-inch  corner  flaw  at  the  edge  of  a  hole. 
Reductions  in  the  assumed  value  of  this  flaw  are  negotiable  between  the 
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supplier  and  the  customer  based  on  a  demonstration  of  manufacturing  quality. 
However,  if  the  basic  quality  of  the  material  is  such  that  similar  or  greater 
rogue  flaws  can  exist  regardless  of  the  care  taken  to  produce  the  finished 
article,  then  the  upper  bound  of  the  inherent  material  equivalent  initial  flaw 
size  becomes  the  limiting  design  factor. 

The  upper  bound  value.®  for  D357  and  B201  castings  were  derived  from  the 
EIFS  distributions  obtained  from  smooth  round  bar  fatigue  test  results  using  a 
"sudden  death"  analysis,  as  described  below. 

Sudden  Death  Analysis 

Sudden  death  testing  [16]  is  a  method  that  can  be  used  for  determining 
the  upper  bound  defect  size  for  the  general  population  based  on  the  fatigue 
life  results  for  specimens  that  contain  random  distributions  of  casting 
defects.  Crack  initiation  will  usually  occur  at  the  largest  defect  located  at 
or  near  the  surface  of  the  gauge  section  of  the  specimen.  The  failure  of  the 
specimen  can  be  assumed  to  be  the  "sudden  death"  failure  of  the  set  of  defects 
contained  within  the  surface  volume  of  the  specimen.  The  largest  defect  is 
represented  by  the  shortest  fatigue  life. 

The  smooth  round  bar  fatigue  specimens  used  in  the  DADTAC  program  had  a 
1 . 6- inch- long  by  0 . 50- inch-diameter  gauge  section.  The  volume  of  material  in 
the  critical  initiation  zone  of  these  specimens  is  equivalent  to  that  obtained 
in  a  similar  depth  of  material  at  the  edge  of  approximately  seventy  0.25- inch- 
diameter  X  0.25 -inch-deep  holes.  This  estimate  is  based  on  an  assumption  that 
the  critical  high  stress  concentration  region  for  a  hole  extends  twenty 
degrees  either  side  of  the  hole  axis  aligned  normal  to  the  primary  load 
direction.  This  is  considered  to  be  a  conservative  assumption  as  a  more 
localized  stress  concentration  would  tend  to  increase  the  number  of  holes 
represented  by  the  smooth  bar  specimen. 

According  to  the  theory  of  ranking  [16],  the  lowest  value  in  a  set  of  70 
specimens  clusters  about  the  one  percent  probability  level  of  the  general 
population.  If  the  lowest  life  represents  the  highest  equivalent  initial  flaw 
size  in  each  set  of  70,  then  the  EIFS  values  obtained  from  an  analysis  of  the 
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round  bar  tests  will  be  clustered  about  the  99  percent  probability  level  of 
the  EIFS  values  obtained  for  a  typical  defect  population. 

The  ranked  results  are  analyzed  assuming  a  Weibull  distribution  to 
obtain  the  median  and  upper  95  percent  confidence  limit  statistics  of  the 
"sudden  death"  population.  The  median  and  upper  95  percent  confidence  limit 
of  the  general  population  are  obtained  by  translating  the  "sudden  death" 
median  line  and  confidence  limit  upward  until  the  Weibull  median  value  of  the 
"sudden  death"  line  coincides  with  the  99  percent  probability  value. 

EIFS  values  for  castings  obtained  from  different  vendors  were  grouped 
using  variance  analysis  [17].  An  estimate  of  the  maximum  inherent  material 
rogue  flaw  size  was  obtained  from  the  99.9  percent  probability  and  95  percent 
confidence  value  read  from  the  above  derived  general  population  distribution. 
If  this  value  exceeds  the  current  requirements  of  MIL-A- 83444  it  indicates 
that  the  basic  material  quality  is  more  critical  for  the  castings  evaluated 
under  the  DADTAC  program  than  the  upper  flaw  sizes  currently  assumed  for 
wrought  alloys  based  on  manufacturing  quality.  A  value  less  than  the  current 
MIL-A-83444  specification  requirement  would  indicate  that  castings  can  be 
considered  for  use  in  a  damage  tolerant  design  by  applying  the  same  criteria 
used  for  wrought  alloys. 

7.3  D357-T6  RESULTS 

The  main  emphasis  for  D357  was  to  evaluate  cast  plates  that  were 
quenched  in  room  temperature  water.  However,  a  few  D357  plates  were  quenched 
in  glycol  to  determine  if  the  quench  medium  significantly  influenced  the 
mechanical  properties.  All  other  process  parameters  for  the  glycol  -  quenched 
plates  were  the  same  as  for  the  water-quenched  places. 

For  the  water-quenchd  plates,  only  those  that  fully  met  the  specified 
microstructural  and  tens.ile  properties,  as  v^ell  as  radiographic  quality  and 
chemical  composition,  were  used  for  evaluating  DADT  properties.  To  fully 
evaluate  the  effect  of  the  quench,  all  of  the  glycol -quenched  plate  test 
results  were  compared  with  data  from  the  water -quenched  plates.  However,  only 
data  from  those  glycol-quenched  plates  which  fully  met  ail  the  specification 
requirements  were  included  in  the  subsequent  DADT  analyses  (e.g.,  EIF.S). 
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All  the  water -quenched  and  glycol -quenched  D357-T6  plates  from 
Foundries  A  and  C  met  the  tensile  property  specification  requirements.  The 
DADT  test  specimens,  therefore,  were  excised  from  these  plates  at  random 
locations.  For  Foundry  B,  three  water-quenched  plates  did  not  meet  the 
tensile  property  requirements;  both  had  one  low  elongation  value  (<3  percent) 
out  of  the  two  tensile  specimens  tested  from  each  plate.  Therefore,  with  one 
exception,  only  the  remaining  three  Foundry  B  plates  were  used  for  the  DADT 
characterization  described  in  this  section.  The  exception  is  the  use  of  plate 
V208,  which  had  to  be  used  for  notched  fatigue  tests  because  of  material 
shortage . 

Full  details  of  the  plates  used  and  their  properties  are  included  in 
Appendix  C. 

7.3.1  Composition 

A  combined  total  of  31  plates  (1.25-inch-  and  0 . 75  -  inch- thick)  cast 
from  13  different  melts  by  three  foundries  were  used  for  the  verification 
evaluations.  The  composition  of  each  of  these  melts  and  the  specification 
ranges  for  each  element  are  listed  in  Table  44.  The  compositions  were  within 
the  range  specified  from  the  screening  subtask  of  this  program  (Table  41) . 

The  melt  analyses  were  confirmed  by  ICP  chemical  analyses  on  samples  taken 
from  the  plates. 

7.3.2  Microstructure 


The  microstructure  of  the  D357-T6  plates  was  characterized  using 
optical,  transmission  and  scanning  transmission  electron  microscopy  (TEM  and 
STEM),  and  .scanning  electron  microscopy  (SEM)  .  The  DAS  and  silicon  particle 
morphology  of  each  plate  were  determined.  A  typical  optical  micrograph  of 
D357-T6  is  shown  in  Figure  23. 

The  DAS  of  specimens  taken  from  various  locations  throughout  the 
plates  ranged  from  0.0008  inch  to  0.0020  inch,  which  is  within  the  requirement 
(<0.0024  inch)  specified  for  the  verification  plates. 
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TABLE  44.  D357  VERIFICATION  MATERIAL  MELT  COMPOSITIONS 


COMPOSITION  (WT 

%) 

Fe 

Si 

Mg 

Ti 

Mn 

Be 

Na 

Sr 

A1 

0.03 

7.03 

0.6 

0.12 

0.00 

0.050 

0.002 

- 

Bal. 

0.03 

6.99 

0.6 

0.11 

0.00 

0.070 

0.003 

- 

Bal. 

0.03 

7.27 

0.6 

0.10 

0.00 

0.060 

0.009 

- 

Bal, 

0.04 

7.37 

0.6 

0.11 

0.00 

0.050 

0.012 

- 

Bal. 

0.11 

6.67 

0.6 

0.16 

0.01 

0.061 

- 

0.008 

Bal. 

0.10 

7.35 

0.6 

0.15 

0.01 

0.070 

- 

0,014 

Bal. 

0.11 

6.80 

0.6 

0.17 

0.01 

0.059 

- 

O.Oii 

Bal. 

0.10 

7.07 

0.6 

0.15 

0.01 

0.069 

- 

0.014 

Bal. 

0.11 

7.20 

0.6 

0.16 

0.01 

0.070 

- 

0.007 

Bal. 

0.10 

7.07 

0.6 

0.15 

0.01 

0.069 

- 

0.014 

Bal. 

0.06 

7.11 

0.6 

0.12 

0.01 

0.55 

0.002 

- 

Bal. 

0.06 

7.13 

0.6 

0.12 

0.01 

0.56 

0.003 

- 

Bal. 

0.06 

7.10 

0.6 

0.13 

0.01 

0.51 

0.003 

- 

Bal. 

AMS  4241  Soecif ication  Range 

<0.12 

6.5- 

7.5 

0.55- 

0.6 

0.10- 

0.20 

<0.1 

0.04- 
0  07 

* 

* 

Bal. 

*  Not  specified  in  AMS  4241;  however,  those  amounts  used  are  within 
the  0.05  wt.  %  limit  set  for  "other"  elements 
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Figure  23.  Typical  D357-T6  Microstructure 
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The  average  DAS  values,  as  well  as  the  SI  particle  area,  spacing,  and 
aspect  ratio  for  water-quenched  and  glycol -quenched  material  from  both 
foundries  are  listed  In  Table  A5,  along  with  a  comparison  to  the  correspondinr, 
data  obtained  previously  for  the  screening  material.  The  DAS  for  material 
from  the  three  foundries  was  similar,  with  all  values  being  below  the 
specification  maximum  of  0.0024  inch.  The  average  DAS  of  the  verification 
material  was  slightly  less  than  that  of  the  screening  material.  The  average 
DAS  for  the  glycol -quenched  plates  from  two  of  the  three  foundries  (A  and  B) 
was  less  than  that  for  the  water-quenched  material.  The  glycol -quenched  and 
water -quenched  plates  were  made  to  the  same  specification  using  identical 
processing  conditions  except  for  the  quench  medium.  There  was  no  variation  in 
chill  or  mold  materials  which  would  affect  the  DAS.  Therefore,  the  consistent 
difference  in  the  DAS  for  the  gljcol- quenched  and  water-quenched  plates  is 
considered  to  be  coincidental  and  not  a  result  of  processing  differences.  The 
DAS  for  glycol -quenched  Foundry  C  plates  was  slightly  higher  than  for  the 
water-quenched  material. 

The  silicon  particle  data  for  the  verification  material  from  the  three 
foundries  were  also  similar,  and  were  similar  to  those  obtained  previously  for 
the  screening  material.  The  percent  porosity,  which  was  determined  using  the 
optical  metallography  specimens,  was  low  for  all  of  the  verification  plates, 
as  it  was  in  the  screening  plates. 

The  microstructure  of  randomly  selected  samples  was  evaluated  using 
SEM,  TEM,  STEM,  SAD  patterns,  and  EDX  analyses.  Four  different  phases  were 
observed,  although  the  exact  stoichiometry  of  three  could  not  be  determined. 

A  typical  SEM  micrograph  of  D357-T6,  Figure  24,  shows  three  phase 
morphologies  in  addition  to  the  aluminum  matrix.  Using  EDX  analyses,  the 
shapes  identified  by  Numbers  1  and  2  were  determined  to  be  Al-Fe,  but  the 
stoichiometry  could  not  be  determined.  The  phase  identified  by  Number  3  was 
determined  by  EDXA  to  be  Si.  Smaller  Si  particles  were  also  observed  in  the 
TEM  micrograph,  Figure  25.  An  X-ray  map  of  the  microstructure  confirmed  that 
these  particles  were  Si.  Long  needle-shaped  particles  were  also  observed  in 
the  microstructure  of  Figure  26,  and  were  shown  by  X-ray  mapping  to  contain 
Ti.  Mg  and  Fe  X-ray  maps  of  this  micros tructure  were  also  generated,  but 
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TABLE  45.  DAS  AND  SI  PARTICLE  MORPHOLOGY  DATA  FOR 
1.25 -INCH-THICK  D357-T6  PLATES 


FOUNDRY 

QUENCH 

DAS 

(inch) 

Si  PARTICLE  MORPHOLOGY 

AREA  SPACING  ASPECT 
(/ira2)  (/im)  RATIO 

POROSITY 

(%) 

A 

Water 

0.0012 

16 

38 

1.6 

0 

Glycol 

0.0010 

12 

36 

1.6 

0 

B 

Water 

0.0018 

18 

44 

1.6 

0.083 

Glycol 

0.0013 

23 

40 

1.6 

0 

r 

Water 

0.0011 

14 

50 

1.7 

0 

Glycol 

0.0012 

13 

62 

1.7 

0 

Average  Water 

0.0014 

16 

44 

1.6 

0.028 

Glycol 

0.0012 

46 

1.6 

0 

Average  of 
Screening 

Data  [3] 

0.0016 

20 

36 

1.8 

0.023 
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neither  element  was  detected.  A  closer  examination  of  tho  Ti-containing 
needles  was  conducted  to  determine  their  stoichiometry.  Figures  27a  and  b 
show  a  typical  needle  and  its  SAD  pattern,  respectively.  Examination  of  the 
pattern,  as  well  as  two  others  obtained  at  different  orientations,  did  not 
reveal  the  composition  or  stoichiometry  of  the  phase.  Another  phase  is  also 
seen  in  Figure  27a,  which  was  identified  by  EDXA  to  be  Mg2Si,  the  main 
strengthening  phase. 

Sodium  was  used  to  modify  the  as-cast  microstructure  of  the  specimen 
that  was  examined  in  the  TEM.  However,  X-ray  mapping  and  diffraction  patterns 
of  various  areas  of  the  microstructure  failed  to  locate  Na.  Some  controversy 
exists  about  the  exact  modification  mechanism  caused  by  Na .  However,  one 
theory  [18]  is  that  modification  is  accomplished  through  an  interaction 
between  Na  and  P,  an  impurity  element.  In  the  absence  of  Na,  P  forms  AlP, 
which  promotes  the  formation  of  large  Si  particles.  V/hen  Na  is  added,  the 
compound  NaP  is  formed,  which  suppresses  this  tendency,  resulting  in  a  finer 
microstructure „ 

7.3.3  Tensile  Properties 

The  average  tensile  properties  of  D357-T6  plates  are  shown  in  Table 
46.  Tests  were  conducted  on  both  water-  and  glycol - quenched  material  from  the 
1 . 25  -  inch- thick  plates.  A  limited  number  of  tensile  tests  were  also  conducted 
on  the  0 . 75- inch- thick  plates  (water-quenched  only).  These  smaller  plates 
were  evaluated  to  assure  that  those  properties  obtained  for  the  screening 
material  could  be  reproduced  in  plates  of  the  same  size  produced  to  the  AMS 
4241  specification  composition  limits.  The  combined  average  tensile 
properties  for  the  0 . 75  -  inch- thick  verification  plates  from  all  three 
foundries  were  53.6  ksi  ultimate  strength,  45.3  ksi  yield  strength,  and  5.9 
percent  elongation.  These  values  were  similar  to  the  results  from  the 
screening  tests,  i.e,,  51.4  ksi,  43.4  ksi,  and  5.1,  respectively. 
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Figure  27a.  TEM  Micrograph  of 
D357-T6  Showing  a 
Needle-Shaped  Particle 
Containing  Ti  and  Smaller 
Mg2Si  Particles 


Figure  27b.  Selected  Area  Diffraction 
Pattern  of  the  Needle 
Phase  of  Figure  27a 
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TABLE  46.  TENSILE  PROPERTIES  OF  THE  1 . 25  -  INCH-THICK .  WATER- 


AND 

GLYCOL- 

QUENCHED* 

D357-T6 

PLATES 

UTS 

(ksi) 

YS 

(ksi) 

El 

(%) 

QUENCH** 

FOUNDRY 

MEDIUM 

AVG. 

RANGE 

AVG. 

RANGE 

AVG. 

RANGE 

A 

Water 

54 

51-55 

45 

44-47 

5.9 

3. 5-8. 5 

Glycol 

53 

51-55 

43 

42-44 

6.6 

5. 5-9.0 

B 

Water 

52 

50-53 

45 

44-46 

4.5 

3. 0-5. 6 

Glycol 

49 

48-50 

42 

41-43 

3.4 

2. 5-4. 3 

C 

Water 

54 

53-55 

47 

46-48 

5.4 

3. 9-8. 2 

Glycol 

51 

50-52 

44 

43-44 

4.9 

4. 6-5. 2 

Average 

Water 

53 

46 

5.2 

Glycol 

51 

43 

5.0 

Target  Min. 

50 

40 

3.0 

*  25%  glycol  solution 

**  Room  temperature 
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The  averaj^e  and  minimum  tensile  properties  for  the  1 .  ?,5  -  Inch- chick 
water -quenched  material  from  foundries  A  and  C  were  slightly  higher  than  those 
from  Foundry  B.  All  of  the  individual  test  specimens  from  the  Foundry  A 
plates  met  the  50/40/3  tensile  property  requirements.  Three  Foundry  B  plates 
each  had  one  tensile  test  result  that  had  a  percent  elongation  less  than  the 
3.0  percent  minimum  requirement.  Subsequent  DADT  evaluations  of  material  from 
Foundry  R  were  conducted  only  on  those  plates  that  fully  m(  t  the  tensile 
property  specification  requirements.  The  average  tensile  property  data  for 
Foundry  B  material  shown  in  Table  46  include  only  those  water-quenched  plates 
that  were  within  the  specification. 

The  average  and  minimum  tensile  property  data  for  glycol -quenched 
plates  are  also  .shown  in  Table  46.  Strength  levels  are  in  general  slightly 
lower  than  those  for  the  water- quenched  material.  The  reduction  in  strength 
is  probably  associated  with  a  lower  level  of  Kg  remaining  in  solution 
following  the  quench,  resulting  in  less  Mg2Si,  the  strengthening  phase, 
following  artificial  aging.  Two  of  15  elongation  values  (Foundry  B)  for  the 
glycol -quenched  plates  were  below  the  3.0  percent  minimum.  Also,  all  the  UTS 
values  for  glycol -quenched  Foundry  B  material  were  below  the  50  ksi  minimum. 

7.3.4  Fatigue  Properties 

7. 3. 4.1  Stress-Life 

The  smooth  and  notched  stress-life  data  for  D357-T6  (K^-  -  1.0  and  3.0) 
are  shown  in  Figure  28a  and  b,  respectively.  The  smooth  fatigue  data  are 
compared  to  7075-T73  [19],  a  wrought  alloy  commonly  used  in  fatigue  critical 
aircraft  applications.  The  fatigue  lives  of  material  from  Foundry  A  are 
longer  than  those  for  Foundries  B  and  C  for  a  given  stress  level.  The  fatigue 
lives  of  the  glycol-  and  water-quenched  material  are  Indistinguishable.  The 
average  fatigue  life  of  D357-T6  is  less  than  that  of  7075-T73,  and  is 
presumably  due  to  lower  D357-T6  strength  and  the  larger  size  of  the  inherent 
defects  found  in  castings,  which  will  tend  to  reduce  the  initiation  life,  as 
discussed  in  Section  7.3.4. 3. 


141 
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40 

. 

The  notched  fatigue  data  are  compared  with  7A75-T76  [20],  which  has  a 
longer  life  than  D357-T6  at  a  given  stress,  though  the  difference  is  not  as 
pronounced  as  that  for  the  smooth  fatigue  results. 


7. 3. 4. 2 


The  strain- life  data  are  shown  in  Figure  29  as  log  strain  amplitude 
versus  log  of  the  number  of  cycles  to  failure  (Nf) .  The  specimens  were  tested 
using  an  R  ratio  of  -1.0  and  a  of  1.0,  with  strain  amplitudes  ranging  from 
0.010  to  0.002,  which  resulted  in  fatigue  lives  ranging  from  approximately  50 
to  1,000,000  cycles.  These  data  were  generated  for  use  in  the  durabil  ity 
analysis  (Sections  7. 2. 3. 2  and  10.5).  Data  from  the  three  foundries  were 
indistinguishable . 

7 . 3 . 4 . 3  Fatigue  Crack  Growth  Rate 

The  range  of  constant  amplitude  fatigue  crack  growth  rate  (FCGR)  data 
for  water-  and  glycol -quenched  material  are  shown  in  Figure  30.  Also  included 
are  data  obtained  under  a  previous  Northrop  program  for  A357-T6  [21],  and 
7075-T7351  plate  [22].  The  DADTAC  D357-T6  data  are  similar  to  the  previous 
A357-T6  data  and  are  slightly  better  than  that  of  7075-T7351.  Based  on  these 
data,  the  difference  in  the  total  fatigue  life  between  the  cast  and  wrought 
materials  (Figure  28)  can  be  attributed  to  the  ease  of  crack  initiation. 
Fatigue  cracks  probably  initiate  more  readily  in  castings  than  in  wrought 
material,  due  to  the  presence  of  inherent  defects  such  as  dross  and/or 
porosity.  Several  f.'tigue  life  specimens  were  f ractographically  examined  to 
determine  the  crack  initiation  site.  Out  of  12  specimens  examined,  11 
initiated  a  fatigue  crack  from  a  defect  located  at  or  near  the  surface.  No 
clearly  defined  defect  was  associated  with  the  fatigue  crack  initiation  of  the 
twelfth  specimen.  The  results  are  shown  in  Table  47.  All  of  the  defects  were 
porosity  and/or  dross.  Typical  sites  are  shown  in  Figures  31a  and  b. 
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Log  Strain  Amplitude 


LogNf 


Figure  29.  D357-T6  Strain-Life  Fatigue  Data 
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da/dN  (in/cyc) 


Figure  30.  D357-T6  Fatigue  Crack  Growth  Rate  Data 


TABLE  47.  FATIGUE  CRACK  INITIATION  SITES  FOR  D357-T6  FATIGUE  SPECIMENS 


NUMBER  OP 

FATIGUE 

SPECIMENS  WITH 

CRACK  INITIATION  SITE 

Dross 

Pore 

Both  Dross 

and  Pore  Other* 

4 

4 

3 

1 

*  No  observable  defect 
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b.  Backscatter  SEM  Micrograph  of  Foreign  Material 


Figure  31.  Typical  Crack  Initiation  Sites  in  D357-T6  Fatigue  Specimens 
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7. 3. A. 4.  Spectrum  Fatigue  Life 


Two  specimens  (Figure  15)  were  tested  under  spectrum  fatigue  loadir.g 
using  an  F-18  spectrum  (F18C2)  at  32  ksi  gross  maximum  stress.  The  total  rimo 
to  failure  for  the  two  specimens  was  14,131  and  17,731  flight  hours  (average  - 
15,931  flight  hours).  These  data  were  obtained  to  provide  a  baseline  for 
assessing  the  effect  of  defects  and  nonoptiraum  microstructure  on  spectrum 
fatigue  life  (Section  8). 

7.3.5  Fracture  Toughness 

The  average  fracture  toughness  results  for  water-quenched  and  glycol - 
quenched  D357-T6  are  shown  in  Table  48.  Compact  tension  and  short  bar 
fracture  toughness,  as  well  as  NTS/YS  ratio  data  were  obtained.  A  short  bar 
test  specimen  was  removed  from  five  of  the  tested  compact  tension  specimens  to 
provide  a  direct  comparison  of  the  results  for  the  two  test  methods.  Invalid 
Kq  results  were  obtained  from  the  compact  tension  tests  for  all  the  water - 
quenched  material  due  to  excessive  crack  front  curvature,  which  is  often 
observed  in  castings  due  to  residual  stresses  incurred  during  quenching. 

Valid  Kjc  results  were  obtained  for  glycol -quenched  plates,  presujnably  because 
of  the  slower  cooling  rate  associated  with  the  glycol. 

An  average  of  24  ksiVin  was  obtained  for  water-quenched  material  by 
both  compact  tension  (Kq)  and  short  bar  (Kjy)  test  methods.  The  fracture 
toughness  of  the  glycol -quenched  material  was  slightly  less  than  that  of  the 
water -quenched  material,  22  ksiVin  for  both  compact  tension  (i<ic)  short 

bar  (Kjv)  test  methods.  The  average  fracture  toughness  values  for  the  glycol - 
quenched  and  water-quenched  plates  from  each  of  the  foundries  was  similar. 

The  compact  tension  and  short  bar  fracture  toughness  values  are  shown 
as  a  function  of  yield  strength  in  Figure  32,  The  fracture  toughness  ranged 
from  approximately  21  to  25  ksiyin,  with  most  of  the  lowest  values  (21  to 
22  ksiyin,  K^q)  being  obtained  for  the  glycol -quenched  material.  There  was  no 
clear  correlation  between  the  fracture  toughness  and  yield  strength,  probably 
because  the  yield  strength  range  was  relatively  narrow.  Other  work  [23]  has 
shown  that  there  is  an  inverse  relationship  between  fracture  toughness  and 
yield  strength. 
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TABLE 

48. 

AVERAGE  D357-T6 

FRACTURE 

TOUGHNESS 

AND 

N0TCHE.0  TENSILE 

STRENGTH 

DATA 

FRACTURE  TOUGHNESS  (ksi  Jin.) 

QUENCH 

NTS 

YS 

FOUNDRY 

MEDIUM 

l^IC 

Kq 

Kivv 

(ksi) 

(ksi) 

NTS/YS 

A 

Water 

25 

25 

63 

45 

1.4 

Glycol 

21 

22 

58 

43 

1.3 

B 

Water 

-  . 

24 

24 

62 

45 

1.4 

Glycol 

22 

22 

58 

42 

1.4 

C 

Water 

-  . 

23 

»  - 

53 

47 

1.1 

Glycol 

22 

-  - 

44 

44 

1.0 

Water 

24 

24 

59 

46 

1.3 

AVERAGE 

Glycol** 

22 

-  - 

22 

53 

43 

1.2 

*  Short  bar  test 
**  25%  glycol  solution 
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Figure  32.  Relationship  Between  Fracture  Toughnesu  and  Yield 
Strength  for  D357-T6 
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7,3.6 


The  method  for  determining  the  equivalent  initial  flaw  size  was 
described  in  Section  7. 2. 3.1,  The  calculated  values  for  individual  specimens 
excised  from  material  from  all  three  foundries  are  shown  in  Table  49,  along 
with  the  corresponding  fatigue  life  and  maximum  applied  stress.  Testing  of 
specimens  that  did  not  fail  after  5  x  10®  cycles  was  terminated  and  an  EIFS 
was  not  calculated. 


The  data  indicate  that  the  EIFS  for  Foundry  A  is  significantly  lower 
than  that  for  Foundries  B  and  C.  This  is  consistent  with  the  S/N  fatigue  data 
shown  in  Figure  28;  the  results  for  test  specimens  from  Foundry  A  material  are 
at  the  higher  end  of  the  overall  band  of  data.  The  combined  EIFS  data  for  all 
three  foundries  were  then  analyzed  as  described  in  Section  7. 2. 3. 3  to 
determine  the  value  of  the  maximum  inherent  material  rogue  flaw  size  (99.9 
percent  probability  and  95  percent  confidence)  that  should  be  used  to  design  a 
cast  DADT  critical  component  to  a  specific  life.  The  data  are  presented  as  a 
Weibull  distribution  in  Figure  33.  For  D357-T6,  the  maximum  flaw  size  was 
determined  to  be  0.036  inch,  which  is  less  than  the  0.050-lnch  flaw  that  is 
typically  assumed  for  damage  tolerance  analysis  of  wrought  materials  [15].  A 
defect  of  this  size  may  be  detected  in  material  up  to  about  3  inches  thick 
using  X-ray  radiography  at  a  one  percent  sensitivity.  Based  on  this 
information.  Grade  B,  or  better,  D357-T6  castings  up  to  the  maximum  thickness 
evaluated  under  the  DADTAC  program  (1.25  inch)  can  be  considered  for  use  in  a 
damage  tolerance  design. 

The  fracture  surfaces  of  .selected  fatigue  specimens  were  examined  to 
determine  the  size  of  the  crack  initiation  sites  and  were  compared  to  those 
derived  from  the  EIFS  analysis,  Table  50.  The  measured  values  were  obtained 
by  determining  the  semicircular  area  within  which  the  flaw  would  fit.  The 
center  of  the  semicircle  was  on  the  surface  of  the  specimen.  Measured  values 
were  not  obtained  for  all  the  fatigue  specimens  because  exact  identification 
of  the  complete  crack  initiation  site  was  not  possible  due  to  the  presence  of 
multiple  defects.  The  derived  values  are  within  an  order  of  magnitude  of  the 
mea.sured  values.  Discrepancies  between  the  measured  and  derived  values  are 
probably  due  to  the  inability  to  accurately  account  for  the  effects  of  the 
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TABLE  49.  D357-T6  EQUIVALENT  INITIAL  FLAW  SIZE  DATA 


MAXIMUM 

CYCLES  TO 

STRESS 

FAILURE 

EIFS 

FOUNDRY 

(ksi) 

(xl03) 

(inch) 

A 

30 

4069 

0.0039 

30* 

1474 

0.0073 

35 

220 

0.0139 

45 

50 

0.0149 

40* 

50 

0.0211 

40 

50 

o...paii. 

Avg. 

0.0137 

B 

30* 

254 

0.0201 

30 

213 

0.0220 

40* 

45 

0.0223 

45 

14 

0.0292 

20* 

982 

0.0293 

40 

26 

0.0295 

25 

223 

0.0341 

Avg. 

0.0266 

C 

40 

50 

0.0210 

20 

1569 

0.0232 

30 

118 

0.0251 

30* 

123 

0.0289 

30 

165 

0.0294 

30* 

91 

0.0334 

40* 

20 

0.0334 

20* 

618 

0.0362 

20* 

373 

0.0450 

Avg. 

0.0306 

*  Glycol -quenched 
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8  S  8  S  ^  8  8S88 


Note:  Weibull  Mean  (A)  of  the  Sudden  Death  Data 
Clusters  About  the  99%  Probability  Level 
of  the  General  Population  (B) .  The  Maximum 
Expected  Flaw  (99.9%  Probability  With  95% 
Confidence)  is  Indicated  by  Point  (C) 


Figure  33.  Weibull  Distribution  of  D357-T6  EIFS  Data 
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TABLE  50.  COMPARISON  OF  PREDICTED  AND  MEASURED  EQUIVALENT 
INITIAL  FLAW  SIZE  FOR  D357-T6 


EIFS  (in) 

SPECIMEN  _ 


PREDICTED  MEASURED 


Vlll 

0,0039 

0.0175 

V115 

0.0073 

0.0375 

V116 

0.0211 

0.0343 

V209 

0.0292 

0.0096 

V210 

0.0341 

0.0162 

V211 

0.0201 

0.0062 

V213 

0.0293 

0.0137 

shape  (sometimes  very  complex)  and  orientation  of  the  crack  initiation  sites 
relative  to  the  specimen  surface.  The  difficulty  of  accurately  measuring 
defects  is  illustrated  in  Figures  34a  and  b.  The  measured  defect  size  is 
indicated  by  the  semicircle  enclosing  each  defect  with  the  center  of  the 
semicircle  placed  on  the  edge  of  the  specimen.  (A  semicircle  was  used  because 
DADT  analyses  assumes  the  presence  of  a  semicircular  flaw  in  the  material.) 

It  can  be  clearly  seen  that  the  semicircle  enclo.ses  much  more  material  than 
the  defect,  and  that  the  size  of  the  semicircle  is  highly  dependent  upon  the 
aspect  ratio  of  the  defect.  In  contrast,  the  EIFS  analysis  determines  the 
semicircular  area  which  has  the  same  effect  on  fatigue  properties  as  a  highly 
aspected  defect.  Highly  aspected  defects  can  cause  the  measured  defect  size 
to  be  either  greater  than  or  less  than  the  predicted  defect  size  (the  EIFS). 
From  this  comparison,  it  was  concluded  that  the  approach  being  used  to  predict 
the  EIFS  from  smooth  fatigue  data  is  viable. 

7.4  B201-T7  RESULTS 

7.4.1  Composition 

Twenty  plates  cast  (both  1.25  inch  thick  and  0.75  inch  thick)  from 
eight  different  melts  by  three  foundries  were  used  for  the  B201  verification 
evaluations.  The  composition  of  each  of  these  melts  and  the  ranges  for  each 
element  are  listed  in  Table  51.  All  of  the  compositions  were  within  the 
specified  range  (AMS  4242)  [2].  Reported  compositions  of  the  plates  were 
confirmed  by  ICP  tests  at  Northrop. 

7.4.2  Microstructure 


The  microstructure  of  the  B201-T7  plates  was  characterized  using 
optical,  TEN,  STEM,  and  SEM  methods,  and  the  grain  size  and  percent  porosity 
of  each  plate  were  determined. 

The  grain  size  at  random  locations  in  plates  from  all  three  foundries 
ranged  from  0.0024  inch  to  0.0039  inch.  A  typical  micrograph  of  the  B201-T7 
microstructure  is  shown  in  Figure  35. 
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75X 


Specimen  Surface 


a.  Dross 


75X  Specimen  Surface 


b.  Pore 


Figure  34. 

I 


Measurement  of  Defect  Size  in  D357-T6 
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TABLE  51.  B201  VERIFICATION  MATERIAL  MELT  COMPOSITIONS 


COMPOSITION  (WT  %) 

Cu 

Ag 

Mg 

Mn  Ti  Fe 

Si 

A1 

4.59 

0.56 

0.27 

0.28 

0.19 

0.02 

0.04 

Bal 

4.55 

0.55 

0.30 

0.28 

0.18 

0.01 

0.02 

Bal 

4.54 

0.40 

0.27 

0.22 

0.17 

0.01 

0.05 

Bal 

4.75 

0.44 

0.24 

0.33 

0.16 

0.02 

0.05 

Bal 

4.69 

0.64 

0.28 

0.28 

0.28 

0.04 

0.04 

Bal 

4.93 

0.69 

0.28 

0.28 

0.28 

0.04 

0.04 

Bal 

4.59 

0.65 

0.26 

0.27 

0.24 

0.04 

0.02 

Bal 

4.63 

0.57 

0.25 

0.31 

0.18 

0.02 

0.01 

Bal 

AMS  4242  Soecif ication 

4.5- 

0.40- 

0.20- 

0.20- 

0.15- 

<0.05 

<0.05 

Bal 

5.0 

0.80 

0.30 

0.50 

0.35 

SOX  Kellers  Etch 

Figure  35.  Typical  B201-T7  Microstructure 
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The  microstructure  was  examined  further  by  SEM,  STEM,  and  TEM.  SAD 
diffraction  patterns  and  EDXA  of  various  phases  were  taken,  and  five  different 
phases  were  identified.  The  most  prominent  of  these  five  was  the 
strengthening  phase  CuAl2 ,  (theta),  Figure  36,  found  as  small  platelets  on  the 
(100)  plane  of  the  aluminum  matrix.  A  grain  boundary  phase  and  associated 
precipitate -free  zone  were  also  observed  in  Figure  36.  EDX  analysis  of  the 
grain  boundary  area  identified  the  presence  of  A1  and  Cu,  suggesting  the  phase 
was  equilibrium  CuAl2-  CuAl2  was  also  seen  as  a  large  blocky  constituent 
phase.  Number  2  in  Figure  37.  Other  large  constituents  were  also  observed  in 
Figure  37.  The  constituent  labeled  Number  1  contained  Cu  and  Fe .  The 
constituents  indicated  by  Numbers  3  and  4  were  rich  in  Ti,  and  those  indicated 
by  Numbers  5  and  6  contained  Cu,  Fe ,  and  Mn. 

Two  grain  boundary  phases  were  also  observed  in  addition  to  the 
equilibrium  CuAl2  phase.  One  was  the  Al,  Cu,  Fe ,  and  Mn  rich  phase  mentioned 
previously.  Number  1  in  Figure  38;  the  other  was  rich  in  Al ,  Cu,  and  Mn, 

Number  2.  A  large  blocky  Al ,  Cu,  and  Mn  phase  was  also  observed  in  the 
matrix,  Figure  39.  Figure  40  shows  an  Al-Ti  phase,  which  was  Al3Ti,  Al24Ti5, 
or  Al23Ti9. 

The  CuAl2  phase  identified  above  has  been  reported  [24]  for  alloys 
containing  Ag  to  be  omega,  an  altered  form  of  theta,  the  main  strengthening 
precipitate  in  Al-Cu  alloys.  The  addition  of  Ag  to  Al-Cu  alloys  promotes  the 
formation  of  the  omega  strengthening  precipitate  during  aging  above  about 
210°F  and  causes  a  marked  increase  in  age  hardening.  Silver  was  also  shown  bv 
regression  analyses  (Section  6.3.6)  to  increase  the  strength  of  B201-T7. 

Omega  essentially  replaces  theta  and  is  thought  to  be  a  monoclinic  or 
hexagonal  form  of  the  theta  phase,  which  itself  is  body-centered  tetragonal. 
Omega  forms  on  the  (ill)  plane  of  the  matrix,  as  a  uniform  dispersion  of  larre 
very  thin,  hex  igonally  shaped  plates,  and  is  thought  to  be  coherent  with  tiie 
matrix  along  the  (111)  plane  and  at  the  ends  of  the  precipitate.  Omega  may  be 
more  stable  than  theta,  as  evidenced  by  creep  testing  [24].  In  addition,  the 
precipitat  m  mechanism  associated  with  the  omega  phase  seems  to  be  different 
from  that  of  the  theta  phase. 
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Figure  36.  TEM  Micrograph  of  B201-T7  Showing  the  Theta  Phase 


158 


Scanning  dif  fractomoCiy  of  B201  was  also  conducted  to  identify  phnst-s . 
Analysis  of  the  diffraction  pattern  led  to  the  identification  of  only  two 
phases,  AI2O3  and  delta  (Al4Cug) .  Phases  containing  other  alloying  elements 
were  not  detected  due  to  the  relatively  small  amount  (<1  weight  percent)  of 
all  alloying  elements  in  B2C1  except  for  Cu. 

7.4.3  Tensile  Properties 

The  average  and  minimum  (indicated  by  the  ranges)  tensile  property 
values  of  the  1 . 25  -  inch- thick  B201-T7  plates  from  all  three  foundries  are 
shown  in  Table  52.  Test  results  were  also  obtained  for  the  0 . 75- inch- thick 
plates  to  provide  a  direct  comparison  with  those  obtained  in  the  screening 
portion  of  Phase  I,  Task  2.  Average  tensile  properties  of  66.5  ksi  ultimate 
strength,  59.1  ksi  yield  .trength,  and  8.3  percent  elongation  to  failure  were 
obtained  for  the  0 . 75 - incli  -  thick  verification  plates  with  minimum  values  of 
64/55/6.5.  These  properties  are  similar  to  those  obtained  for  the  screening 
material  (65/57/7). 

All  the  individual  tensile  properties  for  the  1 . 25  -  inch  -  thick 
verification  plates  from  all  three  foundries  exceeded  the  specified  minimum 
of  60  ksi  ultimate  strength,  50  ksi  yield  strength,  and  3  percent  elongation. 
Material  from  Foundry  B  had  the  highest  strength;  material  from  Foundries  A 
and  C  had  similar  properties.  Stress  corrosion  tests  were  conducted  (Section 
7.4.6)  and  confirmed  that  the  alloys  were  in  the  T7  condition. 

7.4.4  Fatigue  Properties 

7 . 4 . 4 . 1  Stress-Life 

The  smooth  and  notched  stress-life  (Kj-  =  1.0  and  3.0)  data  for  B2dl-T/ 
from  the  three  foundries  are  shown  in  Figure  41.  The  smooth  fatigue  data  are 
compared  to  results  for  A201-T7  material  obtained  under  a  previous 
Northrop/Navy  contract  [12J,  ana  7075-T73  [19],  an  alloy  commonly  used  in 
fatigue-critical  aircraft  applications.  The  fatigue  lives  for  B201-T7  from 
Foundries  B  and  C  are  similar  and  are  shorter  than  those  for  Foundry  A 
material . 
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TABLE  52.  TENSILE  PROPERTIES  OF  1 . 25- INCH-THICK  B201-T7  PLATES 


FOUNDRY 

UTS 

(ksl) 

YS 

(ksi) 

El 

(%) 

AVG. 

RANGE 

AVG, 

RANGE 

AVG. 

RANGE 

A 

66 

65-67 

57 

54-58 

8.7 

8.3-11.1 

B 

70 

68-73 

63 

60-66 

8.2 

7. 5-8. 8 

C 

67 

64-70 

60 

58-62 

8.3 

6. 5-9. 5 

Average 

68 

60 

8.4 

Average 
Target  Min. 


60 


50 


3.0 


Maximum  Stress  (ksi)  Maximum  Stress  (ksi) 


a.  Smooch  Fatigue  (K(.  -  1.0) 


LogNf 


b.  Notched  Fatigue  (Kj-  -  !3.0) 


Figure  41.  B201-T7  Stress-Life  Fatigue  Data 
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Eight  fatigue  specimens  (Kj.  -  1.0)  were  f ractographically  evaluated  to 
determine  the  nature  of  the  crack  initiation  site.  For  five  specimen.?, 
foreign  material  (dross)  was  observed  at  the  initiation  site.  In  two 
specimens,  porosity  was  found;  in  the  remaining  specimen  there  was  no 
Indication  of  a  microstructural  discontinuity. 

Two  specimens  of  Foundry  A  material  were  evaluated,  which  showed  the 
best  fatigue  life  results.  One  contained  dross,  which  was  an  internal  flaw; 
the  other  specimen  was  the  one  that  did  not  contain  any  noticeable 
discontinuities.  Two  Foundry  B  specimens  contained  dross;  a  third  contained 
poroSity.  For  all  three  Foundry  C  specimens,  dross  was  present  at  the 
initiation  site. 

The  notched  (K^  “  3.0)  fatigue  data  are  compared  with  7475-T76  [20]. 
The  fatigue  data  for  the  two  alloys  are  very  similar,  with  those  for  B201-T7 
being  slightly  better  than  7475-T76. 

7. 4. 4. 2  Strain-Life 

The  strain-life  data,  plotted  as  log  strain  amplitude  vs.  log  of  the 
number  of  cycles  to  failure  (Nf ) ,  are  shown  in  Figure  42.  The  specimens  were 
tested  using  an  R  ratio  of  -1.0  and  a  of  1.0,  with  strain  amplitudes 
ranging  from  0.008  to  0.002.  These  strain  amplitudes  resulted  in  fatigue 
lives  ranging  from  approximately  500  to  200,000  cycles.  These  data  were 
generated  for  use  in  the  durability  analysis  (Sections  7. 2. 3. 2  and  10.5). 

7 . 4 . 4 . 3  Fatigue  Crack  Growth  Rate 

The  range  of  fatigue  crack  growth  rate  (constant  amplitude)  data  for 
B201-T7  from  the  three  foundries  is  shown  in  Figure  43.  Also  included  are 
data  for  A201-T7  tested  under  a  Northrop/Navy  contract  [12],  and  7075-T7351 
place  [22],  an  alloy  used  in  fatigue  critical  aircraft  applications.  The 
DADTAC  program  data  are  similar  to  the  Northrop/Navy  contract  A201-T7  data. 
However,  B201-T7  had  a  slightly  slower  fatigue  crack  growth  rate  than  7075- 
T7351.  Because  the  FCGR  for  B201  castings  and  7075-T7351  is  similar,  the 
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Figure  42.  B201-T7  Strain-Life  Fatigue  Data 
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da/dN  (in/cyc) 


difference  In  total  fatigue  life  (Figure  41)  can  be  attributed  to  the  reduced 
crack  initiation  resistance  of  the  cast  material ,  which  is  presumably  due  to 
the  presence  of  Inherent  defects  such  as  dross  and/or  porosity. 

Each  fatigue  life  specimen  was  fractographically  examined  to  determine 
the  crack  initiation  site(s).  Out  of  eight  specimens  examined,  fatigue  cracks 
in  seven  of  them  initiated  at  defects.  It  was  not  possible  to  detect  a  defect 
associated  with  the  crack  initiation  in  the  remaining  specimen.  The  defects 
were  either  gas  porosity,  shrinkage  porosity,  or  foreign  material.  A  typical 
foreign  material  defect  is  shown  in  Figure  44. 

7 . 4 . 4 . 4  Spectrum  Fatigue  Life 

Similar  to  D357-T6,  two  specimens  were  tested  under  spectrum  loading 
to  provide  a  baseline  for  assessing  the  effect  of  nonoptimum  microstructure  on 
fatigue  life  (Section  8).  The  fatigue  lives  were  26,762  and  14,731  flight 
hours  for  maximum  stresses  of  32  ksi  and  40  ksi,  respectively.  The  spectrum 
was  an  F-18  wing  root  spectrum  (F18C2)  ;  the  specimen  configuration  is  shovi'n  in 
Figure  If). 

7.4.5  Fracture  Toughness 

The  individual  and  average  compact  tension  and  short  bar  fracture 
toughness  values,  as  well  as  average  NTS/YS  ratios,  of  B201-T7  are  shown  in 
Table  53.  The  short  bar  test  specimens  were  excised  from  the  broken  compact 
tension  specimens  to  provide  a  direct  comparison  of  the  two  test  methods.  An 
average  Kq  value  of  39.4  ksiVin  was  obtained  from  compav.t  tension  testing, 
which  is  similar  to  the  average  Kjy  value  of  40.4  ksiyin  obtained  from  the 
short  bar  test.  The  average  Kq  values  for  Foundries  A,  B,  and  C  were  43,  29, 
and  47  ksiyin,  respectively.  The  Foundry  B  toughness  value  was  significantly 
lower  than  for  the  other  two  foundries.  From  Table  53,  it  can  be  seen  that 
the  yield  strength  of  the  Foundry  B  material  is  higher  than  that  from 
Foundries  A  and  C,  indicating  that  it  may  have  been  overaged.  The  lower 
NTS/YS  ratio  is  in  agreement  with  the  fracture  toughness  data.  One  of  Foundry 
S’s  fracture  toughness  specimens  was  fractographically  examined  but  no  clear 
explanation  for  the  low  values  was  obtained. 
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Figure  44.  Foreign  Material  on  a  B201-T7 
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TABLE  53.  B201-T7  FRACTURE  TOUGHNESS  AND  NOTCHED  TENSILE  STRENGTH  DATA 


FOUNDRY 

FRACTURE  TOUGHNESS 

Kq 

(ksiyin) 

Kiv* 

NTS 

(ksi) 

YS 

(ksi) 

NTS/YS 

A 

46 

56 

92.7 

57.7 

1.62 

39 

41 

88.6 

57.2 

1.55 

B 

27 

27 

81.5 

62.5 

1.37 

32 

31 

84.8 

65.8 

1.29 

C 

49 

43 

90.7 

60.3 

1.50 

46 

44 

86.0 

60.1 

1.44 

AVERAGE 

40 

40 

87.3 

60.6 

1.46 

*  Short  bar  test 
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Invalid  Kq  results  were  obtained  for  all  the  compact  tension  tests  due 
to  excessive  crack  front  curvature,  similar  to  the  water -quenched  D357-T6 
specimens  (Section  7.3.5). 

Individual  specimen  data  and  the  relationship  between  fracture 
toughness  and  yield  strength  is  shown  in  Figure  45.  The  fracture  toughness 
decreased  with  increasing  yield  strength  and  ranged  from  27  to  46  ksiyin.  The 
corresponding  short  bar  results  ranged  from  27  to  58  ksiyin. 

7.4.6  Stress  Corrosion 

Stress  corrosion  tests  were  conducted  on  B201  from  all  three 
foundries.  Direct  tension,  alternate  immersion  tests  were  conducted; 
specimens  were  exposed  to  a  3.5  percent  NaCl  solution  for  30  days  at  75 
percent  of  the  material  yield  strength.  No  failures  were  experienced  after 
the  30  day  exposure,  indicating  that  each  plate  had  been  heat  treated  to  the 
T7  (overaged)  condition. 

7.4.7  Equivalent  Initial  Flaw  Size  Analysis 

The  method  for  determining  the  equivalent  initial  flaw  size  was 
described  in  Section  7.2.3. 1.  The  calculated  values  for  individual  specimens 
excised  from  material  from  each  of  the  three  foundries  are  shown  in  Table  54, 
along  with  the  fatigue  life  and  maximum  applied  stress.  Testing  of  specimens 
that  did  not  fail  after  5x10^  cycles  was  terminated  and  an  EIFS  was  not 
calculated. 

The  data  indicate  that  the  EIFS  for  material  from  Foundry  A  is  less 
than  that  for  Foundries  B  and  C.  This  is  consistent  with  the  stress-life 
fatigue  data  shown  in  Figure  41;  the  results  for  Foundry  A  material  are  at  the 
higher  end  of  the  overall  data  band.  Data  for  Foundries  B  and  C  are  similar. 
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Fracture  Toughness  (ksi  Vin) 


Yield  Strength  (ksi) 


Figure  45.  Relationship  Between  Fracture  Toughness  and 
Yield  Strength  of  B201-T7 
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TABLE  54.  B201-T7  EQUIVALENT  INITIAL  FLAW  SIZE  DATA 


FOUNDRY 

MAXIMUM 

STRESS 

(ksi) 

CYCLES  TO 
FAILURE 
(xl03) 

EIFS 

(INCH) 

A 

40 

187 

0.0037 

45 

309 

0.0014 

30 

5,000* 

20 

5,000* 

Avg. 

0.0025 

B 

25 

39 

0.0111 

30 

28 

0.0404 

35 

188 

0.0067 

20 

5 , 000* 

- 

Avg. 

0.0194 

C 

40 

16 

0.0289 

20 

118 

0.0086 

20 

573 

0.0160 

30 

168 

0.0118 

15 

5 , 000* 

- 

Avg. 

0.0163 

*  No  failure 
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The  EIFS  data  were  then  analyzed  as  described  in  Section  7. 2. 3. 3  to 
determine  the  maximum  inherent  rogue  flaw  size  (99.9  percent  probability  and 
95  percent  confidence)  that  should  be  used  to  design  a  cast  DADT  critical 
component  to  a  specific  life.  The  data  are  presented  as  a  Weibull 
distribution  in  Figure  46.  For  B201-T7,  the  maximum  flaw  size  was  determined 
to  be  0.042  inch,  which  is  less  than  the  0.050-inch  flaw  that  is  typically 
assumed  for  damage  tolerance  analysis  [15].  A  flaw  of  this  size  can  be 
detected  in  material  up  to  about  4  inches  thick  by  X-ray  radiography  using  1 
percent  sensitivity.  Based  on  this  information,  Grade  B  or  better  B201-T7 
castings  up  to  the  maximum  thickness  evaluated  under  the  DADTAC  program  (1.25 
inch)  can  be  considered  for  use  in  a  damage  tolerance  design. 

The  fracture  surfaces  of  the  fatigue  specimens  were  examined  to 
determine  the  size  of  the  crack  initiation  sites.  A  comparison  of  these 
measured  values  and  those  derived  from  the  EIFS  analysis  is  shown  in  Table  55. 
The  measured  values  were  obtained  by  determining  the  semicircular  area  within 
which  the  flaw  would  fit,  with  the  center  of  the  semicircle  on  the  surface  of 
the  specimen.  The  derived  values  are  within  an  order  of  magnitude  of  the 
measured  values.  Discrepancies  between  the  measured  and  derived  values  are 
probably  due  to  the  inability  to  accurately  account  for  the  effects  of  the 
shape  and  orientation  of  the  crack  initiation  sites  as  discussed  in  Section 
7.3.6. 

7.4.8  Effect  of  HIPir.g  on  Porosity 

HIPing  was  shown  [12]  to  improve  the  mechanical  properties  of  A201-T7, 
particularly  fatigue  life  and,  consequently,  all  cast  B201  plates  evaluated 
during  the  DADTAC  program  were  similarly  HIPed.  To  ensure  that  the  cast  B201 
verification  plates  had  been  HIPed,  the  amount  of  porosity  present  in  10  B201 
plates  was  determined  using  the  FAI  method  (Section  4)  both  before  and  after 
HIPing.  The  average  porosity  before  HIPing  was  0.34  percent  (range  0.2  to  0.8 
percent);  after  HIPing,  porosity  was  reduced  to  0.08  percent  (range  0  to  0.2 
percent)  i.e.,  a  reduction  of  about  75  percent. 
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(l-P(x))  X  100 


Note:  Weibull  Mean  (A)  of  the  Sudden  Death  Data  Clusters 

About  the  99%  Probability  Level  of  the  General 
Population  (B).  The  Maximum  Expected  f’law  (99  9% 
Probability  With  95%  Confidence)  is  Indicated  bv 
Point  (C) 


Figure  46.  Weibull  Distribution  of  B201-T7  EIFS  Data 
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TABLE  55.  COMPARISON  OF  PREDICTED  AND  MEASURED  EQUIVALENT 
INITIAL  FLAW  SIZE  FOR  B201-T7 


SPECIMEN 

EIFS 

(in) 

PREDICTED 

MEASURED 

V156 

0.0037 

0.0025 

V256 

0.0111 

0,0037 

V355 

0.0118 

0.0366 

V356 

0.0086 

0.0316 

V357 

0.0160 

0.0075 
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7 . 5  CONCLUSIONS 


•  Tensile  properties!  of  the  verification  material  were  similar  to 
those  of  the  screening  plates. 

•  The  fatigue  crack  growth  rates  of  D357'T6  and  B201-T7  castings  are 
similar,  but  are  slightly  slower  than  those  of  7075-T7351. 

•  Based  on  an  evaluation  of  the  smooth  fatigue  (K^-  -  1.0)  specimen 
fracture  surfaces,  the  overall  fatigue  life,  and  the  FCGR,  crack 
initiation  occurs  sooner  in  castings  than  in  7073-T73‘)l  due  to  the 
presence  of  inherent  defects. 

•  The  equivalent  initial  flaw  size  tor  D33/-T6  (0.036  inch)  and 
B201-T7  (0.042  inch)  is  less  than  the  value  assumed  for  wrought 
alloys  (0.050  inch).  Therefore,  for  castings  up  to  1.25  inch 
thick,  these  alloys  can  be  considered  for  damage  tolerance 
applications  based  on  the  existing  damage  tolerance  specifications 
(MlL-A-83444  and  MIL-A-87221) . 

•  The  average  fracture  toughness  (Kq)  of  D357-T6  was  adequate 
(24  ksiyin) .  Though  the  overall  average  value  for  B201-T7  was 
excellent  (40  ksiVin) ,  there  was  significant  variability  in  the 
average  value  for  each  foundry,  ranging  from  29  to  47  ksiyin. 

®  The  agreement  between  the  compact  tension  and  short  bar  fracture 
toughness  test  results  v!as  excellent. 
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SECTION  8 

PHASE  X,  TASK  3  -  EFFECT  OF  MICROSTRUCTURE  AND  DISCONTINUITIES 

ON  MECHANICAL  PROPERTIES 

8 . 1  INTRODUCTION 

Prior  to  Task  3  of  Phase  I,  emphasis  was  on  defining  the  product  and 
pr'cess  parameters  that  provide  the  best  balance  of  mechanical  properties  for 
both  D357-T6  and  B201-T7  (Grade  B  or  better).  The  objective  of  Task  3  was  to 
determine  the  effect  of  intentionally  introduced  defects  (D357-T6  only), 
nonoptimum  microstructure  (D357-T6  and  B201-T7),  and  weld  repair  (D357-T6)  on 
mechanical  properties.  Cast  plates,  16  x  6  x  1.25  inch,  were  made  by  Alcoa 
(D357-T6)  and  Hitchcock  Industries  (B201-T7) . 

To  determine  the  effect  of  defects  on  properties,  the  initial  goal  was 
to  cast  D357-T6  plates  that  contained  gas  porosity,  shrinkage  porosity,  and 
foreign  material  at  grades  ranging  from  A/B  (essentially  defect- free)  to  C. 
However,  the  material  produced  ranged  from  Grade  A/B  to  Grade  D  (Section 
8.2,2).  For  the  effect  of  microstructure  on  properties,  D357-T6  and  B201-T7 
plates  with  an  excessively  coarse  microstructure  were  produced.  The  alloys 
were  held  within  the  aMS  4241  and  4242  composition  specifications, 
respectively,  and  hear  treated  the  same  as  the  verification  plates,  with  which 
the  test  data  were  compared. 

The  process  parameters  for  producing  the  defect-c;ontaining  and  poor- 
micros  tructure  plates  were  maintained  as  close  as  possible  to  those  used  for- 
making  the  Phase  I,  Task  2  verification  material.  However,  some  deviations 
were  necessary  to  intentionally  introduce  additional  defects  or  produce  a 
coarse  microstructure  (Section  8.2.1). 

To  determine  the  effect  of  weld  repair  on  the  mechanical  properties  of 
Grade  B  D357-T6  plates,  grooves  were  machined  in  the  Alcoa-produced  plates 
coincident  with  the  gage  sections  of  the  various  specimens  to  be  excised  from 
the  plates.  The  grooves  were  then  repaired  by  Alcoa  using  D357  fillet  wire 
(without  si  licon  modifier)  and  standard  commercial  welding  (^/rocedures . 
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Further  details  regarding  the  defect-containing,  coarse  microstructure , 
and  weld-repaired  plates  are  contained  in  Section  8.2. 

Because  of  the  large  volume  of  data  obtained  during  this  Task,  in  most 
instances  average  property  values  are  presented  in  this  section.  The 
Individual  test  results  are  included  in  Appendices  E,  F,  and  G. 

8.2  EXPERIMENTAL  PROCEDURES 

8.2.1  Production  of  Castings 

8 . 2 . 1 . 1  Effect  of  Defects 

The  goal  was  to  produce  D357-T6  plates  containing  gas  porosity, 
shrinkage  porosity,  and  less -dense  foreign  material  at  Grades  B  and  C,  as  well 
as  essentially  defect-free  material  (Grade  A/E),  while  maintaining  the 
composition  and  DAS  to  be  the  same  as  the  verification  material.  The  rigging 
for  producing  the  castings  was  the  same  as  that  used  by  Alcoa  for  the  Task  2 
verification  plates  (Figure  20) .  Grade  B  or  better  material  was  produced 
using  standard  foundry  procedures  for  aerospace  grade  castings.  To  produce 
lower  quality  material  (Grade  C  or  worse),  the  following  methods  were 
employed. 

Gas  Porosity.  The  melt  was  not  degassed. 

Shrinkage  Porosity.  The  chills  were  coated  with  excessive  amounts  of 
Silocel  mold  wash  (0.030  to  0.040  inch),  which  is  an  insulator  and  therefore 
reduces  heat  transfer,  leading  to  non-directional  solidification  and  the 
formation  of  shrinkage  porosity. 

Less-Dense  Foreign  Material.  Molten  metal,  including  the  AI2O3  dross  on 
the  surface,  was  poured  down  the  tops  of  the  risers. 

Six  plates  of  each  of  the  defects  and  grades  shown  in  Table  56  were 
produced.  Each  plate  was  evaluated  by  X-eayc,  both  by  Adona  anu  independently 
by  a  commercial  radiographic  facility,  according  to  MIL-A-2175. 
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TABLE  56.  NUMBER  OF  PIATES  PRODUCED  FOR  EACH 
DEFECT/GRADE  COMBINATION 


GRADE 

DEFECT 

NONE 

GAS 

POROSITY 

SHRINKAGE 

POROSITY 

FOREIGN 

MATERIAL 

WELD 

REPAIR 

A/B 

6 

6 

B 

6 

6 

6 

C 

6 

6 

6 
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All  plates  were  solution  treated  at  1015° F  for  15  hours  and  quenclied  in 
room  temperature  water,  They  were  then  artificially  aged  for  6  hours  at 
335+5°F,  the  same  heat  treatment  conditions  used  for  the  Task  2  verification 
plates  to  achieve  the  AMS  4241  tensile  property  requirements. 

8 . 2 . 1 . 2  Nonoptimum  Microstructure 

The  average  D357-T6  DAS  and  B201-T7  grain  size  for  the  water-quenched 
Task  2  verification  plates  was  0.0014  inch  and  0.0030  inch,  respectively.  To 
determine  the  effect  of  nonoptimum  microstructure  on  mechanical  properties, 
D357-T6  and  B201-T7  plates  with  coarse  microstructures  were  produced. 

For  D357-T6,  Alcoa  initially  produced  plates  using  Fe  chills  instead  of 
the  Cu  chills  that  were  used  for  the  verification  material.  However,  these 
plates  had  a  DAS  of  0.0015  inch  which  was  the  same  as  tlu-  verification 
material.  Additional  plates  were  then  made  employing  mold  walls  coated  with 
about  0.04  inch  of  Silocel  mold  wash  to  reduce  the  solidification  rate.  Also, 
Che  silicon  modifier  was  omitted.  These  plates  had  a  DAS  of  0.0029  inch, 
which  was  almost  twice  that  of  the  verification  material,  and  were  used  to 
evaluate  the  effect  of  nonoptimum  microstructure  on  mechanical  properties. 

No  minimum  mechanical  property  specifications  were  provided  to  the 
foundry.  The  D357-T6  plates  were  heat  treated  as  described  above  for  the 
defect-containing  plates. 

For  B201-T7,  a  coarse  microstructure  was  achieved  by  the  nonoptimum 
(early)  addition  of  the  titanium  grain  refiner  prior  to  pouring,  and  by  the 
use  of  Fe  chills  and  a  low  pouring  temperature  to  provide  a  slow 
solidification  rate.  An  average  grain  size  of  0.011  inch  (Section  8.5.2)  was 
obtained  for  these  plates. 

No  minimum  mechanical  property  specifications  were  given  to  the 
foundries.  The  B201-T7  plates  were  heat  treated  and  HIPed  as  described  in 
Section  7. 2. 1.2. 
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8 , 2 . 1 . 3  Weld  Repair  of  D357 


Six  D357  plates  identical  to  the  Phase  1,  Task  2  verification  material 
were  produced  (Section  7)  by  Alcoa.  The  layout  of  specimens  to  be  excised 
from  the  plates  was  determined  and  the  plates  were  sectioned  and  welded  so 
that  approximately  a  1-inch-long  portion  of  the  gage  section  of  each  tensile 
and  fatigue  specimen  comprised  a  significant  amount  of  weld  repaired  material. 
For  the  compact  tension  (C(T))  fracture  toughness  and  fatigvie  crack  growth 
specimens,  the  plates  were  welded  so  that  there  was  a  1-inch-wide  strip  of 
weld- repaired  material  behind  the  notch  after  final  machining.  The  strip  was 
the  full  thickness  of  the  specimen  and  ran  from  the  notch  to  the  specimen  edge 
so  that  failure  occurred  in  100  percent  weld- repaired  material. 

The  welding  was  carried  out  by  Alcoa  using  D357  filler  wire  (without  Si- 
modifier)  and  the  standard  procedures  for  production  castings.  After  welding, 
the  plates  were  heat  treated  according  to  the  procedures  described  in  Section 
7. 2. 1.1.  The  soundness  of  the  welds  was  confirmed  by  radiography  according  to 
MIL-A-2175  to  be  Grade  A/B,  i.e.,  essentially  defect-free. 

8.2.2  Test  Procedures 


Upon  receipt  of  the  D357-T6  plates  that  contained  the  intentionally- 
added  defects,  the  soundness  was  determined  by  radiography.  In  addition, 
several  areas  of  each  plate  were  evaluated  using  the  FAI  technique  described 
in  Section  4  to  aid  in  specimen  layout  and  to  provide  data  for  comparison  to 
previous  FAI  results.  Based  on  the  X-ray  and  FAI  data,  specimens  were 
machined  from  the  plates  with  the  intention  of  obtaining  equal  numbers  of 
specimens  for  each  required  grade/defect  combination.  Each  specimen  was  then 
individually  radiographed  to  determine  if,  after  machining,  the  grade  and 
defe'^t(s)  present  were  the  same  as  those  intended.  In  many  cases,  tfie 
grade/defect  combination  of  the  machined  specimens  changed,  sometime.s 
significantly.  This  was  particularly  true  for  specimens  machined  from  plates 
containing  shrinkage  porosity  and  foreign  material,  because  these  types  of 
defect  preferentially  formed  at  the  plate  surfaces.  As  a  result  of  changes  in 
the  grade  and  defect  following  machining,  there  was  an  imbalance  between  the 
numbers  of  specimens  of  each  grade/defect  combination  available  for  testing. 
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At  all  grade  levels,  specimens  that  contained  gas  porosity  were  most 
prevalent.  A  smaller  number  of  specimens  that  contained  shrinkage  porosity 
were  obtained.  Because  a  maiority  of  the  foreign  material  was  located  at  the 
surface  of  the  plates  and  was  unavoidably  machined  away  during  specimen 
preparation,  only  a  few  less-dense  foreign  material  specimens  were  available. 
This  distribution  of  the  number  of  specimens  resulted  in  a  large  data  base  for 
gas  porosity,  with  fewer  data  for  shrinkage  porosity  and  even  fewer  for 
foreign  material.  However,  the  distribution  is  representative  of  normal  D357- 
T6  production;  that  is,  gas  porosity  is  the  most  commonly  observed  defect. 

After  machining,  only  a  limited  number  of  Grade  A/B  specimens  were 
obtained.  Because  all  of  the  specimens  were  thinner  than  the  plates  (1.25 
inch) ,  some  of  the  defects  that  were  not  detected  in  the  plates  by  radiography 
were  revealed  in  the  specimen  X-rays.  Consequently,  the  specimens  could  not 
be  rated  as  Grade  A/B. 

The  composition  of  the  plates  was  determined  by  Inductively  Coupled 
Plasma  (ICP)  analysis  to  confirm  the  foundry  melt  analyses.  The  DAS  of  the 
D357  places  was  measured  using  a  line  intercept  method  [6],  and  the  silicon 
particle  morphology  was  evaluated  using  an  Omnicom  3500  image  analyzer. 
Specimens  were  excised  from  random  locations  throughout  the  plates. 

The  final  test  matrix  for  determining  the  effect  of  defects  on  the 
mechanical  properties  of  D357-T6  is  shown  in  Table  57.  The  X-ray  ratings  are 
eased  on  results  for  the  individual  specimens,  not  the  plates  from  which  they 
were  excised.  The  test  matrix  for  determining  the  effect  of  a  ‘'.carse 
microstrticture  on  the  mechanical  properties  of  D357-T6  and  B201-T7  is  shown  in 
Table  58.  The  tests  were  conducted  according  to  the  specifications  shown  in 
Table  43. 
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TABLE  57.  NUMBER  OF  TESTS  PERFORMED  TO  DETERMINE  THE  EFFECT 
OF  DEFECTS  ON  THE  MECHANICAL  PROPERTIES  OF  D357-T6 


TYPE 

AND  NUMBER 

OF  TESTS 

DEFECT/ 

GRADE  LEVEL 

TENSILE 

S/N 

FATIGUE 
(Kt  -  1) 

CONST. 

AMPL. 

FCGR* 

SPECTRUM 

FATIGUE 

LIFE 

FRACTURE 

TOUGHNESS 

Grade  A/B 

15 

6 

2 

3 

Grade  B 

Gas  Porosity 

8 

16 

4 

2 

3 

Shrinkage  Porosity 

10 

11 

1 

3 

Foreign  Material 

3 

5 

1 

Grade  C 

Gas  Porosity 

12 

15 

2 

4 

2 

Shrinkage  Porosity 

3 

5 

1 

Foreign  Material 

3 

2 

Grade  D 

Gas  Porosity 

3 

11 

4 

3 

Weld  Repair 

6 

8 

3 

3 

3 

Total  Number 

of  Tests 

63 

79 

16 

13 

15 

*  Constant  amplitude  fatigue  crack  growth  rate 
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TABLE  58.  I'TUMBER  OF  TESTS  PERFORMED  TO  DETERMINE  THE  EFFECT  OF 

NONOPTIMUM  MICROSTRUCTURE  ON  THE  MECHANICAL  PROPERTIES 
OF  D357-T6  AND  A201-T7 


TYPE  AND  NUMBER  OF 

TESTS 

ALLOY 

TENSILE 

S/N 

FATIGUE 
(Kt  -  1) 

S/N 

FATIGUE 
(Kt  -  3) 

CONST . 
AMP. 
FCGR* 

SPECTRUM 

FATIGUE 

LIFE 

FRACTURE 

TOUGHNESS 

see** 

D357-T6 

9 

8 

8 

2 

2 

2 

B201-T7 

10 

7 

9 

2 

2 

2 

3 

Total 

19 

15 

17 

4 

4 

4 

3 

*  Constant  amplitude 
**  Stress  corrosion  c 

fatigue 

racking 

crack  growth 

rate 
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8.3  EFFECTS  OF  DEFECTS  ON  THE  PROPERTIES  OF  D357-T6 


8.3.1  Composttion 

A  total  of  48  plates  were  cast  by  Alcoa  from  ten  different  melts. 
Material  that  contained  a  range  of  specific  defects,  including  essentially 
defect- free  material,  and  plates  for  weld  repair  were  produced.  The 
composition  of  each  of  the  melts  and  the  specification  range  for  each  element 
are  listed  in  Table  59.  With  the  exception  of  one  melt  (571374  -  low  Ti), 
from  which  some  of  the  tensile  and  other  specimens  were  excised,  all  elements 
were  within  specification.  The  silicon  particle  morphology  was  modified  using 
Na. 


The  specimens  from  plates  made  from  melt  571374  (identified  as  D41-D45) 
were  tested  and  included  in  the  data  base  because  a)  all  the  microstructural 
characteristics  of  these  plates  were  similar  to  those  of  the  verification 
material,  and  the  same  as  the  other  defect-containing  plates,  and  b)  there 
would  have  been  a  shortage  of  material  for  testing  had  these  plates  been 
rejected.  Ti  is  added  to  D357  to  assure  grain  refinement.  A  fine 
microstructure  was  observed  in  plates  D41-D45,  indicating  that  the  lower  Ti 
level  did  not  have  an  adverse  effect.  All  the  results  for  specimens  excised 
from  plates  D41-D45  are  shown  in  Appendix  E,  along  with  data  for  all  the  other 
plates.  Some  of  the  tensile  results  for  plates  D41-D45  were  below 
specification  (Appendix  Tables  E2 ,  £3,  and  E4) .  However,  this  was  also 
observed  for  specimens  containing  the  same  defect  type/grade  excised  from 
other  plates. 

8.3.2  Microstructure 


The  mi ’restructure  of  the  D357-T6  defect-containing  plates  was 
characterized  using  optical  microscopy  and  image  analysis.  Typical  examples 
of  gas  porosity,  shrinkage  porosity  and  less-dense  foreign  material  ob'  nved 
in  D357-T6  are  shown  in  Figures  10,  11,  and  12. 
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TABLE  59.  COMPOSITION  OF  D357  WITH  INTENTIONALLY  ADDED  DEFECTS 


LOT  NUMBER 

MELT  COMPOSITION  (WT  %) 

Fe 

Si 

Mg 

Ti 

lin 

Be 

Na 

A1 

571252 

0.08 

6.9 

0.6 

0.14 

0 

0.05 

0.005 

Bal. 

571253 

0.09 

6.9 

0.6 

0.13 

0 

0.05 

0.002 

Bal. 

571254 

0.08 

6.8 

0.6 

0.14 

0 

0.06 

0.007 

Bal . 

571256 

0.08 

7.0 

0.6 

0.14 

0 

0.06 

0.005 

Bal. 

571257 

0.08 

6.8 

0.6 

0.14 

0 

0.05 

0.005 

Bal. 

571258 

0.08 

6.9 

0.6 

0.11 

0 

0.07 

0.004 

Bal. 

571259 

0.08 

6.9 

0.6 

0.11 

0 

0.07 

0.004 

Bal . 

571260 

0.09 

7.0 

0.6 

0.15 

0 

0.05 

0.004 

Bal. 

571261 

0.09 

7.0 

0.6 

0.15 

0 

0.05 

0.004 

Bal. 

571374 

0.08 

7.3 

0.6 

0.07* ** 

0 

0.06 

0.001 

Bal. 

AMS  4241  Soecif ication  Ranee 

<0.12 

6.5 

0.55 

0.10 

<0.10 

0.04 

** 

Bal. 

-7.5 

-0.6 

-0.20 

-0.07 

*  Out  of  specification 

**  Not  specified  in  AMS  4241;  however,  amounts  used  are  within  the  0.05  wt  % 
limit  set  for  "other"  elements.  Alcoa  was  requested  to  maintain  the  Na 
between  0.001  and  0.01% 
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DAS  <le?  Piminat  iv')n.s  w<>ie  made  from  the  f>,rip.s  of  tensile  sperimens  exiiscd 
f  1  om  the  six  plates  pioduct'd  for  each  of  the  intended  de  f  t /p,  racle 
I'omhi  nat  ions  .  The  ranpe  ot  DAS  values  was  0.008  to  0  OOl’O  inch,  all  of  wl.i  • 
were  within  the  Phase  I,  Task  2  Verification  specification  reqti i remcnt 
( •  0  00,>/j  inch).  This  ranp,e  of  DAS  values  indiciitfd  that  the  iii  i  c  r  os  t  rue  t \u  •' 
was  acceptable. 


The  average  DAS  v'alues,  as  well  as  the  Si  particle  .itea,  spacing,  and 
aspect  ratio,  and  the  percent  porosity  of  the  Task  1  plates  and  the  T.i.sk 
vei’fication  material  are  listed  in  Table  60.  The  DAS,  Si  particle  a.iea  and 
•ispect  ratio  for  the  de  f  ec  t  -  cont.a  i  n  ing  plates  were  very  similar  to  the 
verification  material  The  average  Si  particle  spacing  was  highei  (60  /iiii  vs. 
■4.  /im).  Only  the  aspect  r.  )  was  sir.iilar  for  the  weld  material;  the  particle 
si.te  area  and  spacing  were  significantly  liigher  and  lower,  respectively,  than 
the  veri  at  ion  material. 


A  tvpical  m  i  c  ros  t  rtic  t  ure  of  the  weld  material  is  shown  in  Figure  6/ 
^  I'ltrasotiic  ND!  evaluation  of  the  Defect -Containi  ng  Platt's 


In  Phase  I,  T.a.sk  1,  NDI  Assessment.,  the  frequenev  nttenuatioti  inflection 
■fAl  '  iiiethod  was  evuilu.ited  to  assess  its  effectiveness  in  providing  a 

aiitjtctive  determination  of  di-fects  present  in  alumintiin  ca.stings.  It  w.cs 
iwn  (Sec  t  ion  at  tb.if  there  was  a  reasonahly  good  correlation  between  FA  1 
liie.isun  iiieiit  s  and  X-i.iv  grades  and  m  i  c  ros  t  rut  t  u  ra  1  charai- 1  f  r  i  v,  a  t  i  on  for  g.i.s 
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TABLE  60.  DAS  AND  Si  PARTICLE  MORPHOLOGY  DATA  FOR  THE  PHASE  I, 
TASK  3  DEFECT-CONTAINING  D357  PISTES 


DEFECT 

(GRADE) 

DAS 
( inch) 

SILICON 

AREA 

(/im2) 

PARTICLE 

SPACING 

(Mill) 

MORPHOLOGY 

ASPECT 

RATIO 

POROSITY 

(%) 

None 

Grade  A/B 

0.0013 

16 

60 

00 

0 

Gas  Porosity 

Grade  B 

0.0019 

17 

56 

1.9 

1.1 

Grade  C 

0.0017 

16 

63 

2.0 

1.7 

Shrinkage  Porosity 

Grade  B  0.0015 

19 

60 

1.7 

0.8 

Grade  C 

0.0015 

19 

64 

1 . 9 

1.7 

Foreign  Material 

Grade  B 

0.0012 

16 

56 

2.0 

1.6 

Grade  C 

0.C012 

15 

64 

1.8 

0.6 

Weld  Repair 

* 

35 

20 

1.8 

0 

Verification 

Material 

0.0014 

16 

44 

1.6 

0.03 

*  Very  fine  inicrostr ucture ;  DAS  could  not  be  measured 
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tested.  The  evaluation  was  conducted  prior  to  machining  the  specimens  because 
the  circular  cross-section  of  many  of  the  specimens  would  influence  the 
accuracy  of  the  result  (Section  4.4.5). 

The  results  of  the  .FAl  investigation  are  showr^  in  Table  61.  Three  to 
five  plates  were  evaluated  for  each  grade.  Approximately  10  readings  per 
plate  were  taken.  The  values  shown  in  Table  60  are  the  average  of  30  to  50 
individual  measurements.  For  both  gas  porosity  and  shrinkage  porosity  the 
average  pore  radius  and  percent  porosity  for  Grade  B  material  are  both  lower 
than  those  for  Grade  C,  indicating  a  good  qualitative  correlation.  The  trend 
was  not  observed  for  the  foreign  material.  These  trends  are  typical  of  those 
seen  during  the  Phase  I,  Task  1  FAl  evaluation  (Section  4.4.3),  though  the 
average  pore  radius  and  percent  perosity  values  were  not  the  same  as  those  in 
T.ask  i  (Table  7)  .  With  the  exception  of  results  obtained  for  Grade  D 
shrinkage  porosity  material,  the  average  values  for  both  parameters  were 
higher  for  the  Ta.sk  3  measurements  than  for  those  made  In  Task  1.  Also,  for 
shrinkage  perosity,  the  differences  between  the  Grade  B  and  C  radius  and 
between  Grade  B  and  C  percent  porosity  values  were  much  greater  in  Task  3  than 
in  Task  1. 

The  percent  porosity  values  (Table  61)  for  gas  porosity  and  foreign 
material  are  very  similar  to  those  obtained  by  image  analysis  (Table  60)  for 
the  same  grades  (1.2  percent  versus  1.1  percent  and  1.8  percent  versus  1.7 
percent  for  Grades  B  and  C  gas  porosity,  respectively;  1.8  percent  versus  1.6 
percent  and  0.7  percent  versus  0.6  percent  for  Grades  B  and  C  foreign 
material,  respectively).  The  comparison  for  shrinkage  porosity  was 
qualitatively  good,  i.e. ,  the  values  for  Grade  B  were  higher  than  those  for 
Grade  C.  However,  the  quantitative  agreement  was  poor.  As  discussed  in 
Se^ction  4,  this  is  probably  due  to  the  fact  that,  unlike  gas  porosity, 
shrinkage  porosity  is  not  spherical. 

The  good  quantitative  agreement  between  the  FAl  and  image  analysis 
results  for  plates  that  contained  foreign  material  almost  certainly  reflects 
the  background  gas  porosity  present  in  that  material  rather  than  tiie  isolated 
dross  particles  that  were  observed.  As  discussed  in  Section  4,  the  FAl 
approacii  needs  to  be  modified  to  be  able  to  adequately  accoiiunodate  foreign 
material . 
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TABLE  61.  FAI  DATA  FOR  THE  PHASE  1.  TASK  3  DEFECT- CONTATNTNG  D357-T6  PIJ^TES 


FAI 

RESULTS 

X-RAY  GRADE 

AVG.  POROSITY 
(%) 

AVG.  PORE  7L\DIUS 
(.m) 

A/B 

<0.1* 

* 

Gas  Porosity 

Grade  B 

1.2 

130 

Grade  C 

1.8 

161 

Shrinkage  Porosity 

Grade  B 

1.4 

126 

Grade  C 

2.4 

190 

Foreign  Material 

Grade  B 

1.8 

138 

Grade  C 

0.7 

81 

*  Below  the  level  of  detection 
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The  excellent  correlation  for  gas  porosity  is  encouraging.  However, 
because  the.  absolute  values  obtained  for  Tasks  1  and  3  material  were  widely 
different,  further  work  beyond  the  scope  of  the  current  program  is  required. 

The  average  hydrogen  content  of  Task  3  plates  that  contained  Grades  B,  C 
and  D  gas  porosity  was  1.3,  1.4,  and  1.8±0.3  ppm,  respectively.  The  hydrogen 
content  increased  with  decreasing  soundness,  as  would  be  expected. 

8.3.4  Tensile  Properties 

The  tensile  property  data  for  material  that  contained  different  types 
and  amounts  of  intentionally-added  defects  are  summarized  in  Table  62.  As 
discussed  in  Section  8.2.2,  the  gage  section  of  each  tensile  specimen  was 
radiographically  graded.  Average  values  and  ranges  for  ultimate  and  yield 
strengths  and  percent  elongation  are  given  for  e.^ch  defect/grade  combination. 
In  many  cases,  test  results,  particularly  the  elongation,  were  below  the 
values  specified  in  AMS  4241.  The  data  for  the  verification  material 
evaluated  in  Task  2,  Phase  I  (Section  7.3.3)  are  shown  for  comparison.  The 
number  of  specimens  that  failed  to  meet  the  AMS  4241  property  requirements  is 
shown  in  Table  63. 

Though  adjustments  were  made  to  the  manufacturing  process  to  obtain 
material  that  contained  different  defects,  the  microstructure  of  all  the 
plates  was  similar  to  the  verification  material  (Table  60)  and  therefore 
comparison  of  results  exhibited  by  the  various  defect/grade  combinations 
should  be  meaningful.  Some  general  observations  are  summarized  below. 

•  The  average  properties  are  highest  for  Grade  A/B,  weld  repair  (also 
rated  Grade  A/B  by  radiography),  and  Grade  B  foreign  material 

•  Only  48  percent  of  the  specimens  attained  the  minimum  elongation 
specification  (3  percent) 

•  All  specimens  met  the  40  ksi  minimum  yield  strength  requirement 
(40  ksi) 
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TABLE  62.  D357-T6  TENSILE  PROPERTIES  VS.  DEFECT  TYPE  AND  GRADE 


UTS 

(ksl) 

YS 

(ksi) 

El 

(%) 

DEFECT/GRADE 

AVG. 

RANGE 

AVG. 

RANGE 

AVG. 

RANGE 

Baseline 

Grade  A/B  (15)* 

54 

53-55 

48 

47-48 

3.9 

1 .  1  -  5 . 0 

Gas  Porosity 

Grade  B  (8) 

51 

47-52 

45 

42-46 

3.3 

2. 1-4. 3 

Grade  C  (12) 

50 

49-53 

45 

43-47 

2.1 

0.9-4. 1 

Grade  D  (3) 

49 

48-49 

44 

44-45 

1.5 

1 . 3  - 1 .  7 

Shrinkage  Porosity 

Grade  B  (10) 

51 

50-53 

46 

44-48 

2.7 

1.5-7. 9 

Grade  C  (3) 

51 

50-51 

46 

45-46 

2.9 

2. 2-3. 9 

Foreign  Material 

Grade  B  (3) 

54 

51-55 

46 

45-48 

4.6 

3. 1-7. 5 

Grade  C  (3) 

51 

45-52 

44 

41-46 

2.4 

1.2-4. 7 

Weld  Repair 

Grade  A/B  (6) 

55 

54-56 

47 

46-48 

5.1 

3. 5-8.0 

Verification  Material 

53 

50-55 

45 

44-48 

5.0 

3.0-8. 5 

*  The  numbers  in  parentheses  show  the  number  of  tests  performed 
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TABLE  63.  D357-T6  TENSILE  TEST  RESULTS  OUT  OF  SPECIFICATION* 


RESULTS  OUT  OF  SPECIFICATION 


TOTAL 

NO. 

OF 

DEFECT/GRADE  TESTS 


UTS 


YS 


El 


No.  (%)**  No.  (%) 


No.  (%) 


Phase  I.  Task  3 


Baseline 

Grade  A/B  15 

Gas  Porosity 

Grade  B  8 

Grade  C  12 

Grade  D  3 

Shrinkage  Porosity 

Grade  B  10 

Grade  C  3 

Foreign  Material 

Grade  B  3 

Grade  C  3 

Weld  Repair 

Grade  A/B  6 

Total  63 


Verification  Material***  48 


0 

(0) 

0 

(0) 

4 

(27) 

2 

(25) 

0 

(0) 

3 

(38) 

3 

(25) 

0 

(0) 

10 

(83) 

3 

(100) 

0 

(0) 

3 

(100) 

1 

(10) 

0 

(0) 

9 

(90) 

3 

(100) 

0 

(0) 

2 

(67) 

0 

(0) 

0 

(0) 

0 

(0) 

1 

(33) 

0 

(0) 

2 

(67) 

0 

(0) 

0 

(0) 

0 

(0) 

13 

(21) 

0 

(0) 

33 

(52) 

1 

(2) 

0 

(0) 

17 

(35) 

*  AMS  4241  (50/40/3) 

**  Percent  of  total  number  of  test  results  that  were  out  of 
specification 

***  Water  quenched  material  only 
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•  Seventy-nine  percent  of  specimens  met  the  minimum  ultimate  tensile 
strength  requirement  (50  ksi) 

•  For  the  defect  type  that  was  most  rigorously  evaluated  (gas 
porosity) ,  a  correlation  appears  to  exist  between  perctuit 
elongation  and  grade  level.  The  average  elongation  value  decreased 
(Table  62)  and  the  percentage  of  specimens  that  did  not  meet  the 
minimum  requirement  increased  (Table  63)  as  the  soundness 
deteriorated  from  Grade  B  to  Grade  D. 

A  breakdown  of  the  tensile  data  as  a  function  of  grade  is  shown  in  Table 
64.  The  percent  of  data  that  met  the  AMS  4241  specification  is  shown 
irrespective  of  the  type  of  defect  present.  A  clear  correlation  is  evident; 
the  reduction  from  94  percent  for  Grade  A/B  to  33  percent  for  Grade  D 
indicates  that,  in  general,  properties  degrade  with  decreasing  soundness.  The 
data  for  the  initial  Grade  B  Task  2  verification  plates  are  also  included  for 
comparison  (87  percent  of  the  test  results  met  the  AMS  4241  specification) . 

If  the  verification  plates  that  were  remade  by  Foundry  C  are  included,  th."? 
number  meeting  AMS  4241  specification  increases  to  about  95  percent.  This 
still  falls  short  of  a  100  percent  success  rate,  which  was  the  goal  for  the 
verification  material. 

Two  specimens  were  selected  for  f ractographic  analysis  to  try  to 
determine  if  there  were  any  microstructural  characteristics  that  were 
responsible  for  the  low  ductility  values.  The  specimens  were  from  plates  D30 
(Grade  B  gas  porosity)  and  D32  (Grade  B  shrinkage  porosity) .  The  specimen 
from  plate  D30,  which  had  a  2.1  percent  elongation,  showed  no  unusual  features 
compared  with  a  similar  specimen  (from  plate  D70)  that  had  a  4.3  percent 
elongation.  However,  a  Grade  B  shrinkage  porosity  specimen  from  plate  D32 
exhibited  extensive  porosity  and  an  oxide  inclusion  at  the  edge  of  the 
specimen,  which  probably  contributed  to  the  low  ductility. 

From  Table  63  it  is  evident  that  most  of  the  specimens  that  failed  to 
meet  the  AMS  specification  exhibited  low  percent  elongation.  Coupled  with  the' 
fact  that  all  specimens  significantly  exceeded  the  minimum  yield  strengtii 
requirement  (40  ksi)  it  is  possible  that  the  aging  treatment,  which  was  the 
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TABLE  64.  D357-T6  TENSILE  PROPERTY  DATA  WITHIN  THE  AMS  4241  SPECIFICATION 


GRADE 

NO.  OF 

TEST  RESULTS (1) 

DATA  MEETING 
MINIMUM  REQUIREMENTS 
(%) 

A/b(2) 

63 

94 

fi 

63 

76 

C 

54 

61 

D 

9 

33 

Verification  Material 

144 

87 

(1)  The  ultimate  and  y.leld  strengths,  and  percent  elongation 
are  counted  as  three  separate  data  points 

(2)  Including  weld  repair  data,  which  was  Grade  A/B 
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same  as  that  used  for  the  Task  2,  Phase  I,  verification  material,  w.is  not 
optimum  for  the  defect-containing  plates.  The  correlation  shown  in  table  64 
should  still  be  valid,  but  with  optimized  aging  treatment  the  percentage  of 
data  points  that  meet  the  specification  minimum,  particularly  the  elongation, 
would  probably  be  increased  for  each  grade. 

8.3.5  Fatigue  Properties 

8 . 3 . 5 . 1  Stress -Life 

The  stress-life  (Kj-  -  1.0)  data  for  0357-T6  containing  gas  porosity, 
shrinkage  porosity,  foreign  material,  or  weld  repair  are  shown  in  Figures  48 
through  51.  Typical  data  for  7075-T73,  a  commonly-used  wrought  aluminum 
alloy,  are  also  shown  for  comparison.  The  data  points  for  all  four  of  the 
defect  categories  fall  within  the  same  broad  band.  However,  as  is  shown  most 
clearly  for  gas  and  shrinkage  porosity,  the  fatigue  life  data  for  Grades  C  and 
D  form  a  tighter  band  than  for  Grade  B  and  also  fall  at,  or  slightly  below, 
the  lower  edge  of  the  Grade  B  values.  The  Grade  A/B  data  fall  along  the  upper 
edge  of  the  scatter  for  Grade  B  gas  and  shrinkage  porosity  material. 

The  above  data  suggest  that,  for  Grade  C  or  worse,  the  defects  are 
sufficiently  large  and/or  occur  at  a  frequency  that  shortens  the  fatigue  life, 
For  Grade  B  some  of  the  defects  are  sufficiently  small  so  that  fatigue  crack 
initiation  occurs  later  for  a  given  stress.  However,  the  lowest  fatigue  life 
is  very  similar  for  all  the  defect/Grade  B-D  combinations. 

The  results  for  essentially  defect-free  material  (Grade  A/B)  are  shown 
in  Figures  48-51.  These  specimens  were  smaller  (0 . 25- inch-diameter  gage 
section)  than  the  standard  specimen  used  throughout  the  program  (0.5  inch 
diameter)  because  of  the  shortage  of  Grade  A/B  material.  It  v;as  recognized 
that  the  smaller  specimen  might  influence  the  results,  possibly  increasing  t  lie 
fatigue  life  because  the  chance  of  a  defect  occurring  at  the  specimen  surface 
would  be  decreased  due  to  a  reduction  in  the  surface  area  of  the  gage  length, 
Conversely,  the  fatigue  life  could  possibly  be  decreased  because  a  defect  of 
given  size  would  represent  a  larger  percentage  of  the  cross  sectional  area. 

To  assess  the  possibility  of  the  fatigue  life  being  affected,  .some  small  Graiie 
B  gas  porosity  specimens  were  also  tested.  The  results,  which  are  plotted  in 


197 


Maximum  Stress  (ksi)  Maximum  Stress  (ksi) 


Maximum  Stress  (ksi)  Maximum  Stress  (ksi) 


1') 


Figure  52,  indicate  that  the  fatigue  life  for  Grade  A/b  material  is  still 
better  than  that  for  Grade  B  gas  porosity.  Thus,  the  overall  conclusion  that 
the  fatigue  life  deteriorates  progressively  as  the  soundness  is  reduced  from 
Grade  A/B  to  Grades  C  and  D  is  valid. 

Nine  of  the  defect-containing  fatigue  specimens  were  f ractographically 
analyzed  to  determine  details  of  the  crack  initiation  site.  Seven  of  the 
specimens  were  determined  by  radiography  to  contain  either  gas  porosity  (3 
specimens)  or  shrinkage  porosity  (4  specimens).  The  other  two  specimens  were 
weld  repaired  or  contained  foreign  material.  Porosity  was  found  at  the 
initiation  site  of  six  of  the  gas  porosity  and  shrinkage  porosity  specimens 
and  at  the  initiation  site  of  the  weld  repair  specimen.  Inclusions  were 
observed  at  the  initiation  sites  of  the  foreign  material  specimen  and  one  of 
the  shrinkage  porosity  specimens.  All  the  defects  at  the  initiation  sites 
were  located  at  the  specimen  surface. 

8 . 3  .  5 . 2  Fatigue  Crack  Growth  Rate 

Constant  amplitude  fatigue  crack  growth  rate  (FCGR)  data  were  obtained 
for  Grades  B,  C,  and  D  gas  porosity.  Grade  B  foreign  material.  Grade  A/B,  and 
weld  repair  (also  Grade  A/B)  material.  Specimens  were  machined  for  other 
grade/defect  combinations  but  X-ray  radiography  indicated  that  the  defects 
were  not  located  along  the  line  that  the  crack  would  propagate  during  testing; 
consequently,  these  specimens  were  not  tested.  The  FCGR  data  are  shown  in 
Figures  53-58,  and  are  presented  as  a  band  covering  all  the  specimens  that 
were  tested.  TVie  numbers  of  specimens  tested  are  indicated  in  each  figure. 

There  was  no  significant  difference  between  the  FCGR  behavior  for  the 
various  grade/defect  combinations.  For  some  materials,  the  bar  1  was  wider 
than  for  others,  but  the  data  were  generally  scattered  about  the  mean  for  the 
Pliase  I,  Task  2  verifiiation  material.  For  Grade  D  gas  porosity  material,  the 
band  was  significantly  wider  in  the  high  AK  region  than  for  any  other  material 
(Figure  55).  Overall,  the  FCGR  is  slower  than  that  tor  7075-7351  [22],  a 
wrought  aluminum  alloy  used  for  aerospace  applications,  except  in  the  high  AK 
region,  which  reflects  the  fact  that  the  fracture  toughness  of  7075-T7351  is 
higher  than  that  of  D357-T6. 
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Maximum  Stress  (ksi) 


da/dN  (in/cycle) 


da/dN  (mm/cycle) 


Figure  57.  Constant  Amplitude  Fatigue  Crack  Growth  Rate  of  Grade  A/B  D357-T6 


8 . 3 . 5 . 3  Spectrum  Fatigue  Life 


A  small  number  of  fatigue  tests  were  conducted  under  spectrvim  loading  to 
determine  if  there  were  any  trends  that  were  not  observed  during  constant 
amplitude  load  testing.  An  F/A-18  aircraft  wing  root  spectrum  was  selected, 
and  a  flat  specimen  with  a  hole  in  the  center  of  the  gage  section  (Figure  15) 
was  used.  The  data  are  presented  in  Table  65  for  gross  maximum  stress  of 
jj;  ksi.  There  was  a  significant  amount  of  data  scatter,  but  one  clear  trend 
that  emerged  is  that  the  life  for  the  Grades  C  and  D  specimens  was  much  lower 
than  for  the  Grade  B  or  weld  repair  (Grade  A/B)  material. 

8.3.6  Fracture  Toughness 

The  fracture  toughness  data  for  D357-T6  that  contained  a  range  of 
different  types  and  amounts  of  defect  are  shown  in  Table  66.  Invalid  Kq 
values  were  all  due  to  excessive  crack  front  curvature,  which  is  often 
observed  in  castings  due  to  residual  stresses  incurred  during  quenching.  The 
best  fracture  toughness  values  were  obtained  for  Grade  A/B  and  weld  repair 
(also  Grade  A/B)  materials,  with  weld  repair  being  the  highest  (32  ksi/in) . 
Values  for  Grades  B  and  C  gas  and  shrinkage  porosity  were  very  similar  to  the 
Grade  B  verification  material  evaluated  during  Phase  I,  Task  2. 

8.6  EFFECT  OF  NONOPTIMUM  MICROSTRUCTURE  ON  THE  PROPERTIES  OF  D357-T6 

8.4.1  Composition 

A  total  of  seven  plates  was  cast  by  Alcoa  to  provide  material  that  had  a 
coarse,  nonoptimum  microstructure.  Of  these  seven  plates,  only  two  had  a 
microstructure  and  DAS  that  were  significantly  different  from  the  verification 
material  (Section  8. 2. 1.2).  These  two  plates  were  used  for  the  evaluation  of 
nonoptimum  microstructure.  The  composition  of  the  melt  from  which  the  two 
plates  were  produced  is  shown  in  Table  67.  A  silicon  modifier  was  not  used. 
The  plates  were  Grade  B. 
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TABLE  65.  SPECTRUM^!)  FATIGUE  DATA  FOR  DEFECT-CONTAINING  D357-T6 


AVERAGE  LIFE(2) 

DEFECT/GRADE  (XIOOO  FLIGHT  HOURS) 

NO.  OF 
TESTS 

Grade  B 

Gas  Porosity 

38 

2 

Shrinkage  Porosity 

45 

1 

Grade  C 

Gas  Porosity 

7 

4 

Grade  D 

Gas  Porosity 

8 

3 

Weld  Repair 

31 

3 

Verification  Material 

16 

2 

(1)  F/A-18  wing  root  spectrum  (F18C2) 

(2)  32  ksi  gross  maximum  stress 
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TABLE  66.  AVERAGE  FRACTURE  TOUGHNESS  OF  DEFECT- CONTAINING  D357-T6 


GRADE/DEFECT 

•<^IC 

(ksiyin) 

(ks^in) 

Grade  A/B 

27  (3) 

Grade  B 

Gas  Porosity 
Shrinkage  Porosity 

21  (1) 

20  (1) 

22  (2) 
24  (2) 

Grade  C 

Gas  Porosity 
Shrinkage  Porosity 

22  (1) 

23  (1) 

23  (1) 

Weld  Repair 
(Grade  A/B) 

32  (3) 

Verification  Material 
Water  Quench 

Glycol  Quench 

22  (A) 

24  (7) 

Note:  The  figures  in  parentheses  denote  the 

number  of  specimens  tested 
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TABLE  67.  COMPOSITION  OF  D357  WITH  NONOPTIMUM  MICROSTRUCTURE 


LOT 

NUMBER 

COMPOSITION  (WT  %) 

Si 

Mg 

Ti 

Fe 

Mn 

Be 

A1 

571531 

6,96 

0.60 

0.10 

0.07 

0 

0.05 

Bal 

AMS  A241 

Soecif ication 

6.5 

0.55 

0.10 

<0.12 

<0.1 

0.04 

Bal 

-7.5 

-0.6 

-0.20 

-0.07 
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8.4.2  Microstructure 


The  microstructure  of  the  nonoptimum  D357-T6  was  characterized  using 
optical,  scanning  and  transmission  electron  microscopy  (SEM  and  TEM) ,  and 
image  analysis.  The  DAS  and  silicon  particle  morphology  were  determined  and 
are  shown  in  Table  68,  with  those  for  the  verification  material  produced  in 
Phase  I,  Task  2  for  comparison.  The  nonoptimum  material  clearly  had  a  much 
coarser  microstructure  than  the  verification  plates.  An  optical  micrograph  of 
a  typical  area  is  shown  in  Figure  59.  A  micrograph  of  the  verification 
material  taken  at  the  same  magnification  is  shown  in  Figure  23. 

A  typical  SEM  micrograph  is  given  in  Figure  60  and  reveals  the  presence 
of  two  phases  in  the  aluminum  matrix.  EDXA  spectra  of  these  two  phases 
identified  the  elongated  phase  as  Si  and  the  coarser,  lighter  constituent  as 
an  Al-Fe  phase.  Both  phases  were  observed  in  the  verification  material 
(Section  7.3.2).  However,  the  silicon  particles  in  the  nonoptimum  material 
are  generally  larger  and  more  irregularly  shaped  (with  a  higher  aspect  ratio) 
compared  to  the  primary  silicon  in  the  verification  plates.  In  addition,  the 
small  (<0.2  micron)  Si  particles  identified  throughout  the  verification 
material  are  observed  far  less  frequently  in  the  nonoptimura  plates.  As  shown 
in  the  TEM  micrograph  in  Figure  61,  a  small,  approximately  10-nanometer 
precipitate  phase  was  observed  homogeneously  distributed  throughout  the 
primary  silicon  in  the  nonoptimum  material.  EDXA  and  selected  area 
diffraction  (SAD)  analyses  of  this  phase,  however,  failed  to  reveal  its 
structure  or  composition.  A  S.AD  pattern  generated  from  the  precipitate  phase, 
Figure  62,  reveals  a  crystallographic  orientation  with  the  aluminum  matrix. 

As  in  the  verification  material,  long  needle-shaped  particles  were  also 
observed  in  the  nonoptimum  plates  (Figure  63).  An  X-ray  map  confirmed  that 
these  particles  contain  Ti.  X-ray  mapping  further  revealed  the  presence  of  Si 
along  the  surface  of  these  particles,  suggesting  that  silicon  precipitates  at 
the  interface  between  the  particles  and  the  aluminum  matrix.  The 
stoichiometry  of  the  needle-shaped  phase  could  not  be  determined  from  SAD 
patterns.  Attempts  to  locate  an  Mg-Si  strengthening  phase  (e.g.,  Mg2Si)  using 
SAD  analysis  were  also  unsuccessful.  However,  analysis  of  SAD  patterns 
obtained  along  the  [011]^j  and  [111]^!  orientations  suggest  that  the 
strengthening  mechanism  in  this  nonoptimum  material  consists  of  GP  zones. 
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TABLE  68. 

DAS  AND  Si 
NONOPTIMUM 

PARTICLE  MORPHOLOGY 
MICROSTRUCTURE 

OF  D357-T6 

WITH 

SILICON 

PARTICLE  MORPHOLOGY 

MATERIAL 

AVERAGE 

DAS 

(10"^  INCH) 

AREA 

(/im2) 

SPACING 

(fiva) 

ASPECT 

RATIO 

Nonoptimuin 

29 

95 

90 

2.2 

Verification 

14 

16 

44 

1.6 

X50 


Figure  59.  D357-T6  With  Nonoptimuin  Microstructure 
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Figui'e  61.  TKM  Micrograph  f)f  Nonopt  linuin  1)367-T6 
Showing  a  Smali  Precipitate 
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Figure  62.  Selected  Area  Diffraction  Pattern  of  the 
Precipitate  in  Figure  61 


Figure  63.  TEM  Micrograph  of  Nonoptimum  D357-T6  Showing 
a  Needl  e  -  ShcTped  Phase  Containing  Ti 
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Tons  i  1  o  Propor  1 1  (»s 

The  tensile  properties  o£  D357-T6  with  the  nonoptimum  microstructure  are 
shov/n  in  Table  69.  The  average  and  all  individual  values  for  UTS  and 
elongation  failed  to  meet  the  AMS  A241  specification  requirement.s .  The 
average  yield  strength  was  within  specification  and  was  only  2  ksi  lower  than 
the  value  obtained  for  the  verification  material.  The  lower  properties  for 
the  nonoptimum  materials  are  p)resume,d  to  be  due  to  the  presence  of  larger 
silicon  particles  with  a  higher  aspect  ratio. 

8.4.4  fatigue  Properties 

8 . 4 , 4 . 1  Stress-Life 

The  stress  life  data  (Kj-  =  1.0  and  3.0)  for  D357-T6  with  nonoptimum 
microstructure  are  shown  in  Figure  64.  Data  for  7075-T73  and  the  Phase  I, 

Task  2  verification  material  are  also  shown  for  comparison.  The  smooth 
stress- life  data  (Figure  64a)  for  the  D357-T6  with  nonoptimum  microstructure 
fall  close  to  or  slightly  below  the  lower  boundary  of  the  scatter  for  the 
verification  material.  The  no  ched  stress-life  data  are  indistinguishable 
from  those  of  the  verification  data  (Figure  64b) .  The  overall  conclusion  is 
that  the  smooth  fatigue  life  is  slightly  reduced  by  coarsening  the  D357-T6 
microstructure.  The  notched  fatigue  life  is  relatively  unaffected. 

8.44.2  Fatigue  Crack  Growth  Rate 

Fatigue  crack  growth  rate  (FCGR)  data  were  obtained  and  are  presented  in 
Figure  65.  The  FCGR  was  the  same  as  the  verification  material,  i.e.,  slightly 
slower  than  7075-T7351,  and  was  therefore  unaffected  by  the  coarse 
ra i c  ros  t  rue  ture . 
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TABLE  69.  TENSILE  PROPERTIES  OF  D357-T6  WITH  NONOPTIMUM  MICROSTRUCTURE 


UTS 

(ksi) 

YS 

(ksi) 

El 

(%) 

MATERIAL 

AVG. 

RANGE 

AVG. 

RANGE 

AVG. 

RANGE 

Nonoptlnium 

47 

46-48 

43 

42-44 

0.9 

0.6-1,  1 

Verification 

53 

50-55 

45 

44-48 

5.0 

3.0-8. 5 
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Stress  (ksi) 


da/dN  (in/cycle) 


-3 


AK  (MPaVm) 

10 


100 


Figure  65.  Fatigue  Crack  Growth  Rate  of  D357-T6 
With  Nonoptimuin  Microstructure 
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8 , 4 . 4 . 3  Spectrum  Fatigue  Life 


The  fatigue  life  using  an  F-18  spectrum  (F18C2)  was  determined  at  both 
32  ksi  and  40  ksi  gross  maximum  stress.  The  fatigue  life  for  these  two  stress 
levels  was  1456  and  144  flight  hours,  respectively.  The  value  at  32  ksi  was 
significantly  lower  than  the  15,931  flight  hours  obtained  for  the  verification 
material  (Section  7. 3. 4. 4),  also  tested  at  32  ksi  maximum  stress.  This  result 
indicates  that  the  spectrum  fatigue  life  may  be  reduced  by  the  coarse, 
nonoptimum  microstructure. 

8.4.5  Fracture  Toughness 

The  average  fracture  toughness  (two  tests)  of  the  nonoptimum 
microstructure  D357-T6  was  17.7  ksiyin.  Valid  Ktq  values  were  obtained  (17.1 
and  18.3  ksiVin) .  In  comparison,  the  average  value  for  the  verification 
material,  24  ksiVin  (Kq) ,  is  considerably  higher.  A  comparison  with  data  for 
defect-containing  material  reveals  that  fracture  toughness  was  affected  far 
more  by  coarsening  the  microstructure  (large,  high  aspect  ratio  silicon 
particles)  than  by  introducing  significant  amounts  of  porosity  (Grade  C,  Table 
66)  . 

8.5  EFFECT  OF  NONOPTIMUM  MICROSTRUCTURE  ON  THE  PROPERTIES  OF  B201-T7 

8.5.1  Composition 

Four  16  X  6  X  1.25 -inch  B201-T7  plates  were  cast  from  the  same  melt  by 
Hitchcock  Industries  to  provide  material  that  had  a  nonoptiraum  microstructure. 
Details  are  included  in  Section  8. 2. 1.2.  The  composition  of  the  plates 
(foundry  melt  analysis),  which  is  shown  in  Table  70,  was  confir-  d  by  Northrop 
to  be  within  specification.  The  plates  were  evaluated  by  radiography  and 
determined  to  be  Grade  B  or  better. 

8.5.2  Microstructure 


The  microstructure  of  the  nonoptiraum  B201-T7  was  initially  characterized 
using  optical  microscopy.  A  typical  area  is  shown  in  Figure  66. 
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TABLE  70.  COMPOSITION  OF  B201-T7  WITH  NONOPTIMUM  MICROSTRUCTURE 


COMPOSITION 

(WT  %) 

Cu 

Ag 

Mg 

Mn 

T.l 

Fe 

Si 

Al 

oo 

0.68 

0.30 

0.23 

0.21 

0.02 

0,03 

Bal. 

AMS  4242 

Soecif ication 

4.5 

-5.0 

o  o 

CO 

o  o 

0.20 

-0.30 

0.20 

-0.50 

0.15 

-0.35 

0.05 

0.05 

Bal  . 
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The  average  grain  size  of  this  material  v/as  0.011  inch,  which  is  more  than 
three  times  greater  than  that  for  the  verification  material  (0.0032  inch). 

The  grain  size  range  was  0.0085  to  0.013  inch.  After  determining  that  a 
coarse,  nonoptimum  microstructure  had  been  obtained,  additional  detailed 
microstructural  analysis  was  undertaken  using  SEM  and  TEM  methods. 

Using  SEM  in  the  backscattered  electron  imaging  mode,  several 
constituent  phases  were  observed  (Figure  67).  Energy  dispersive  X-ray 
analysis  (EDXA)  was  performed  on  several  phases,  numbered  1  through  5  in 
Figure  67.  Phases  1  and  2  were  rich  in  Cu  and  Al  and  are  probably  equilibrium 
theta  (AI2CU) .  Phases  3  through  5  contained  Cu,  Fe ,  and  Mn.  Both  types  of 
phase  (1  and  2,  3  through  5)  were  detected  in  the  verification  material,  EDXA 
of  the  matrix  (denoted  as  "m"  in  Figure  67)  showed  the  presence  of  Al  and  Cu, 
as  would  be  expected. 

Further  examination  of  the  nonoptimum  B201-T7  was  conducted  using  TEM 
and  selected  area  diffraction  (SAD).  The  main  strengthening  phase  was 
identified  (Figure  68)  and  was  determined  by  EDXA  to  be  rich  in  Al  and  Cu. 
Analysis  of  the  diffraction  data  indicated  that  the  strengthening  phase  is 
theta  prime  (AI2CU) . 

Typical  grain  boundary  precipitates  identified  by  TEM  are  shown  in 
Figure  69.  The  boundary  contains  a  small  precipitate  surrounded  by  a 
precipitate  -  free  zone.  EDXA  of  the  grain  boundary  phase  revealed  the  presence 
of  only  Al  and  Cu,  similar  to  the  grain  boundary  phase  observed  in 
verification  material.  The  grain  boundary  precipitate  is  believed  to  be  theta 
or  theta  prime  (AI2CU) . 

Another  phase  observed  throughout  the  microstructure  of  the  nonoptimum 
material  is  shown  in  Figure  70.  It  contained  Al ,  Cu  and  Mn  and  was  also  seen 
in  the  verification  material.  It's  exact  identity  could  not  be  determined. 
Other  phases  observed  in  the  verification  material  included  a  grain  boundary 
phase  containing  Al ,  Cu,  Fe  and  Mn  and  a  lath-shaped  phase  (composed  of  Al  and 
Cu)  with  a  distinct  orientation  to  the  matrix. 
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Figure  67.  SEM  Image  of  Nonoptimum  B201-T7  Showing  Typical  Constituent  Phases 


Figure  68.  Main  Strengthening  Phase  in  Nonoptimum  B201-T7 
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Figure  69.  Typical  Grain  Boundary  Precipitates  in  Nonoptimum  B201-T7 


Figure  70.  Blocky  Precipitate  Commonly  Observed  in  Nonoptimura  B201-T7 
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The  above  microsti'uctural  analysis  suggests  that,  with  the  eiiception  o( 
the  large  grain  size,  the  microstructure  of  the  nonoptiraum  B201-T7  was 
essentially  the  same  as  that  of  the  verification  material  evaluated  under  Task 
2,  Phase  1.  Any  mechanical  property  differences  between  the  two  materials  can 
therefore  be  attributed  to  the  grain  size  difference,  which  was  significant 
(0.0032  inch  versus  0.011  inch) 

8.5.3  Tensile  Properties 

The  tensile  properties  of  P>201-T7  with  nonoptimum  microstructure  are 
sho’^  in  Table  71.  The  average  values  for  all  three  properties  were  slightly 
lower  than  those  for  the  verification  material  but  were  well  above  the  A.MS 
A2A2  requirement  of  60/50/3.  Based  on  these  data,  it  is  therefore  concluded 
that  the  tensile  properties  are  relatively  insensitive  to  grain  size.  The 
decrease  in  tensile  properties  observed  for  B201-T7  was  much  less  than  that 
observed  for  D357-T6  (Section  8.4.3). 

8.5.4  Fatigue  Properties 

8. 5.4.1  Stress-Life 

The  stress-life  (K^  =  1.0  and  3.0)  data  are  shown  in  Figure  71  and  are 
compared  with  those  for  the  verification  material  evaluated  in  Task  2  of  Phase 
I.  The  smooth  and  notched  fatigue  data  points  (Figures  71a  and  b)  fall  within 
the  scatter  for  the  verification  material.  Thus,  it  is  concluded  that  the 
coarse  microstructure  did  not  significantly  influence  fatigvie  life. 

8 . 5 . 4 . 2  Fatigue  Crack  Growth  Rate 

The  constant  amplitude  fatigue  crack  growth  rate  (FCGR)  data  for  the 
nonoptimum  microstructure  B201-T7  are  shown  in  Figure  72.  Two  tests  were 
conducted.  The  data  coincide  with  the  lower  extreme  of  the  scatter  for  the 
verification  material,  indicating  that  the  FCGR  may  be  lower  for  the  coarse, 
nonoptimum  microstructure  material.  This  is  consistent  with  observaticiis  for 
other  alloys;  a  fine -grain  material  typically  exhibits  a  more  rapid  FGGR  than 
does  a  coarse  material. 
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TABLE  71.  TENSILE  PROPERTIES  OF  B201-T7  WITH  NONOPTIMUM  MICROSTRUCTURE 


UTS 

(ksi) 

YS 

(ksi) 

El  (%) 

GRAIN  SIZE 

(10-^  in) 

MATERIAL 

AVG. 

RANGE 

AVG. 

RANGE 

AVG .  RANGE 

AVG. 

RANGE 

Nonoptimum 

65 

64-68 

59 

58-61 

6.9  3.3-11.0 

110 

85-130 

Verification 

68 

65-73 

60 

54-66 

8.4  6.5-li.O 

32 

26-  40 

Maximum  Stress  (ksi)  Maximum  Stress  (ksi) 


da/dN  (in/cycle) 


AK  (MPaVm) 

-3  10  100 


AK  (ksiVin) 


Figure  72.  Fatigue  Crack  Growth  Rate  of  B2()1'T7 
With  Nonopt in-uni  Microstructure 
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da/dN  (mm/cycle) 


8 . 5 . 4 . 3  Spectrum  Fatigue  Life 


Similar  to  D357'T6,  the  effect  of  coarse  microstructura  on  spectrum 
f.atigue  life  was  determined  using  an  F-18  wing  root  spectrum  (F18C2)  .  At 
gross  maximum  stress  levels  of  32  and  40  ksi,  fatigue  lives  of  17,763  and 
14,581  flight  hours,  respectively,  were  obtained.  For  the  verification 
material  (Section  7. 4. 4, 4),  the  fatigue  lives  ware  26,762  and  14,731  flight 
hours,  respectively,  at  the  same  stress  levels.  The  data  indicate  a  decrease 
in  life  at  32  ksi,  but  the  decrease  is  much  smaller  than  that  observed  for 
D357-T6.  Although  the  amount  of  data  available  is  limited,  it  is  concluded 
that  a  coarse  microstructure  had  little  effect  on  the  spectrum  fatigue  life  of 
B201-T7  at  a  stress  of  40  ksi;  a  more  significant  effect  v;as  observed  at 
32  ksi. 

8.5.5  Fracture  Toughness 

The  average  fracture  toughness  obtained  for  8201-17  with  the  nonoptimum 
microstructure  was  46  ksiVin.  The  average  was  based  on  two  tests,  both  of 
which  yielded  invalid  Kq  values  because  of  excessive  crack  front  curvature. 

The  individual  results  were  46.7  and  45.4  ksiyin.  The  average  fracture 
toughne  s  for  the  verification  material,  which  irn.  hales  two  values  for 
material  made  by  Foundry  B  that  were  significantly  lower  than  those  for 
material  made  by  Foundries  A  and  C,  was  39.4  ksiyin.  The  fracture  toughness 
of  the  coarse  B201-T7  was  within  the  scatter  of  the  verification  material.  It 
is  concluded,  therefore,  that  the  large  grain  size  did  not  influence  fracture 
toughness . 

8.5.6  Stress  Corrosion  Cracking 

Direct  tension,  alternate  immersion  SCC  tests  were  conducted  on  the 
nonoptimum  B201-T7  to  ensure  that  the  material  had  been  overaged  to  the  T7 
temper.  One  specimen  from  each  of  three  plates  was  exposed  to  a  3.5  percent 
NaCl  solution  for  30  days  at  a  constant  load  equal  to  75  percent  of  the  yield 
strength  No  failures  were  experienced,  indicating  that  each  plate  had  been 
heat  treated  to  the  T7  condition. 


2  30 


8.6  CONCLUSIONS 


8.6.1  Effect  of  Defects  on  D357-T6  Mechanical  Properties 

The  overall  trends  for  the  effect  of  defects  on  the  mechanicral 
properties  of  D357-T6  are  summarized  in  Table  72;  the  average  properties  for 
the  various  defect/grade  combinations  are  shown  as  a  ratio  with  the  average 
verification  material  properties.  The  following  conclusions  are  based  on  a 
combination  cf  Table  72  data  and  results  described  in  Section  6.3. 

•  There  was  a  correlation  between  soundness  and  tensile  properties 
that  met  the  AMS  4241  specification  minimum  values  (Table  64) . 
Ductility  decreased  with  docrea.sing  soundness 

•  The  best  overall  mechanical  properties  were  exhibited  by  <,-rade  A/B 
(essentially  defect-free)  and  weld  repair  material 

•  The  fatigue  crack  growth  rate  was  insen, sitlve  to  the  amount  and 
type  of  defect  present  in  D'J57-T6 

«  There  was  a  significant  difference  in  the  fatigue  life  of  Grade  A/B 
and  Grades  B,  C  and  D  D357-T6.  The  scatter  band  for  Grade  B  was 
wider  than  the  other  grades,  spanning  the  gap  between  Grades  A/B 
and  D 

•  Because  the  lower  edge,  of  the  data  scatter  is  the  same  for  Grades 
B,  C,  and  D,  the  fatigue  life  (K^^.  -  1.0)  can  only  be  iinpro''ed  by 
achieving  essentially  defact-free  material  (Grade  A/B) 

9  The  weld  material,  which  had  the  finest  microstructure,  had  the 
highest  fracture  toughness  (32  ksiyin) ,  followed  by  Grade  A/B 
(27  ksiyin) .  The  fracture  toughness  of  Grades  B  and  C  gas  and 
shrinkage  porosity  material  was  the  sa.iie  (average  22  ksijin) 

•  FAI  ultrasonic  inspection  data  showed  the  same  qualitative  trend.s 
observed  in  Task  1  (Section  4)  for  porosity.  However,  the  absolute 
porosity  and  pore  radius  values  were  nigher 

8.6.2  Nonoptimum  D357-T6 

•  The  ult.irnatc  sr.rength  and  ductility  for  the  D357  16  with  the  coarse 
micro.structure  and  high  DAS  (0.0029  inch)  were  significantly  lower 
than  for  optimized  material 
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TABLE  72. 


RATIO  OF  MECHANICAL  PROPERTIES  OF  DEFECT- CONTAINING  D757  AND 
AVER/IGE  VALUES  FOR  VERIFICATION  MATERIAL 


property(I) 


TENSI0n(2) 


DEFECT/GRADE 

UTS 

YS 

El 

FRACTURE 

TOUGHNESS 

STRESS -LIFE 
fatigue(3) 

Grade  A/B 

1.02 

1.07 

0.75 

1.13 

14.0 

Gas  Porosity 

B 

0,96 

1.00 

0.63 

0.92 

0.89 

C 

0.94 

0.93 

0.40 

0.96 

0.50 

D 

0.92 

0.98 

0.29 

0.33 

Shrinkage 

B 

0  96 

1.02 

0.52 

0.92 

1.00 

C 

0.96 

1.02 

0.56 

0.96 

0.44 

Foreign  Material 

B 

1.02 

1.02 

0.88 

0.61 

C 

0.96 

1.02 

0.46 

0.61 

Weld  Repair 

1,04 

1.04 

0.98 

1.33 

1.16 

(1)  Ratio  -  Average  value  for  defect/grade  cornbination  divided  by 
verification  data  average 

(2)  Water-quenched  verification  material 

(3)  Lower  bound  fatigue  life  (Kt  -  1.0)  at  30  ksi  stress 


•  The  constant  amplitude  fatigue  life  and  crack  growth  rate  of 
nonoptiraum  D375-T6  were  the  same  as  that  observed  for  the 
verification  material.  However,  limited  spectrum  fatigue  life 
testing  indicated  that  the  life  was  shorter  than  for  the 
verification  material 

•  The  fracture  toughness  (17.7  ksiyin)  was  about  25  percent  lower 
than  the  toughness  of  the  verification  material 

•  Overall,  the  observed  property  trends  support  the  commonly  accepted 
view  that  the  best  balance  of  D357-T6  properties  is  obtained  by 
achieving  a  fine  iricrostructure . 

8.6.3  Nonoptimum  B201-T7 

There  was  no  significant  effect  on  any  of  the  properties  evaluated  by 
increasing  the  grain  size  of  B201-T7  from  0.0032  inch  to  0.011  inch. 
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SECTION  9 

PHASE  I,  TASK  4  -  APPLICABILITY  OF  DADT  SPECIFICATIONS  TO  ALUMINUM  CASTINGS 

9.1  INTRODUCTION 

Upon  completion  of  Phase  I,  Tasks  1  to  3  (Sections  4  to  8) ,  an 
assessment  was  made  of  the  applicability  of  MIL- STD- 1530A ,  MIL-A-8344A,  and 
MIL-A- 87221  specifications  to  premium  quality  aluminum  castings  based  on  the; 
data  obtained  in  the  program.  MIL-STD-1530A  defiiu.'S  the  overall  requirements 
necessary  to  achieve  structural  integrity  of  USAF  airplanes.  Acceptance 
methods  of  contractor  compliance  are  specified  and  the  appropriate  detailed 
specifications  are  listed,  including  MIL-A-83444  for  damage  tolerance. 
Durability  and  damage  tolerance  requirements  are  described  in  MIL-A-87221, 
which  is  a  relatively  recent  specification. 

9.2  DURABILITY  AND  DAMAGE  TOLERANCE  ASSESSMENT 

Upon  completion  of  Phase  I,  Task  3,  two  investigations  that  were 
intended  to  promote  the  use  of  aluminum  castings  for  durability  and  damage 
tolerance  applications  had  been  completed.  These  were  (1)  an  assessment  of 
the  FAI  NDI  method  for  characterizing  casting  defects  (Section  4)  and  (2)  the 
equivalent  initial  flaw  size  (EIFS)  analysis  (Section  7),  which  related 
specifically  to  damage  tolerance.  Life  predictions  based  on  fatigue  data 
generated  during  the  program  were  also  initiated  during  Phase  I,  Task  4, 
forming  part  of  the  durability  analysis  for  aluminum  castings.  Thi.  durabl  lity 
analysis  was  completed  later  in  the  program  and  is  discussed  in  its  entirety 
in  Section  10.5;  results  from  multihole  specimens  tested  under  spectrum 
fatigue  loading  were  used  to  compare  actual  and  predicted  fatigue  lives.  A 
brief  summary  of  the  FAI  method  and  the  EIFS  analysis  results  and  their 
implications  with  regard  to  DADT  specifications  is  included  below.  Details  of 
these  and  the  durability  analyses  are  described  in  the  above-noted  sections  of 
this  report.  An  overall  summary  is  included  in  Section  11.3. 
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9.2.1 


The  FAI  method  was  selected  for  evaluation  necause  it  offered  the 
potential  for  providing  a  quantitative  assesi^ment  of  the  typical  defects  found 
in  aluminum  castings.  Measurement  of  both  average  defect  size  and  the  volume 
percent  present  in  the  casting  is  possible  using  this  method.  Improvement  in 
such  measurements  would  facilitate  the  application  of  DADT  specifications 
because  it  is  known  that  fatigue  life  is  particularly  dependent  upon  the  type, 
size,  and  distribution  of  defects  present  in  a  casting.  The  effects  of 
defects  on  mechanical  properties  was  demonstrated  in  Task  3,  confirming  the 
need  for  the  best  possible  NDI  methods  so  that  advantage  can  be  taken  of  the 
inherent  advantages  of  castings  (e.g.,  cost  reduction)  for  DADT  applications. 

It  was  shown  (Sections  4.4  and  3.3.3)  that  there  is  a  good  correlation 
between  FAI  results  and  X-ray  and  microstructure  data  for  gas  porosity  but  not 
for  shrinkage  sponge  or  foreign  material.  It  was  concluded  that,  without  a 
significant  amount  of  additional  evaluation  and  development,  the  FAI  method 
cannot  be  used  as  a  foundry  NDI  tool  for  grading  aluminum  castings  for  DADT 
applications . 

9.2.2  Damage  Tolerance  Analysis 

A  maximum  initial  equivalent  flaw  size  was  derived  for  both  Grade  B  D357 
and  B201  during  Phase  I,  Task  2  (property  verification  -  Sections  7.3.6  and 
7.4.7).  The  EIFS  for  the  two  alloys  was  determined  to  be  0.036  inch  and  0.042 
inch,  respectively  (99.9  percent  probability,  95  percent  confidence).  These 
values  are  less  than  the  0.050  inch  flaw  that  is  typically  assumed  for  damage 
tolerance  analysis  of  wrought  materials  (MIL-A- 83444)  [15].  Defects  in  the 
range  0.036  to  0.042  inch  may  be  detectable  in  material  up  to  about  3  inches 
thick  using  X-ray  radiography  at  a  1  percent  sensitivity.  Based  on  this 
information,  Grade  B  or  better  D357  or  B201  castings  up  to  the  maximum 
thickness  evaluated  under  the  DADTAG  program  (1.25  inch)  can  be  considered  for 
use  in  damage  tolerance  design. 
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SECTION  10 

PHASE  II  -  DADT  OF  ALUMINUM  CASTINGS  QUALITY  VERIFICATION 

10.1  INTRODUCTION 

During  Phase  I,  a  mechanical  property  data  base  was  developed  for  D357- 
T6  and  B201-T7  cast  plates  produced  according  to  optimum  material 
specifications.  Also,  the  effect  of  casting  defects  (D357-T6)  and  nonoptiinum 
microstructure  (D357-T6  and  B201-T7)  on  the  baseline  mechanical  properties  wa.s 
determined.  The  overall  goal  in  Phase  II  was  to  demonstrate  that  the  optimum 
D357-T6  alloy  can  be  used  to  manufacture  a  large  complex  aircraft  casting 
while  retaining  the  mechanical  properties  demonstrated  in  Phase  I  for  the  cast 
plates.  In  addition,  specially-designed  durability  and  damage  tolerance 
fatigue  specimens  were  tested  to  verify  life  predictions  based  on  an  analysis 
of  Phase  I  data.  These  DADT  specimens  were  excised  from  additional  plates. 

The  selection  and  evaluation  of  the  aircraft  casting,  as  well  as  the 
fatigue  data  analysis  and  life  prediction  assessment  conducted  in  Phase  II  are 
described  in  the  following  subsections.  As  in  previous  sections,  average  data 
are  listed;  the  individual  test  results  can  be  found  in  Appendices  H  (cast 
aircraft  component)  and  I  (cast  plates) . 

10.2  CASTING  SELECTION 

The  criteria  for  selecting  the  aerospace  casting  for  evaluation  in  Phase 
II  were  as  follows: 

•  The  casting  should  be  a  large  production  aircraft  part 

•  The  configuration  of  the  casting  should  be  relatively  complex,  with 
a  wide  range  of  wall  thickness 

•  Tooling  was  readily  available 

•  Production  processes  were  established. 
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After  reviewing  potential  castings  with  Alcoa,  the  subcontractor  for 
this  effort,  the  one  chat  best  met  the  above  criteria  was  the  F-5  inboard  wing 
pylon  (Figure  73a).  The  casting  weighs  approximately  65  pounds,  is  about  5 
feet  long,  and  has  a  complex  configuration.  Two  of  the  other  castings  that 
were  considered  were  the  centerline  and  outboard  wing  pylons.  Alcoa  cast  over 
2,000  inboard  wing  pylons  over  the  life  of  the  F-5  program.  The  pylon  is  one 
of  two  (inboard  and  outboard)  suspended  under  each  wing  for  carrying 
armaments . 

10.3  PRODUCTION  OF  CASTINGS 


Four  D357-T6  wing  pylons  and  14  D357-T6  plates  were  cast  by  Alcoa 
according  to  the  composition  requirements  of  AMS  4241  specification  with  the 
addition  of  a  silicon  modifier.  The  plates  were  produced  using  procedures 
that  were  the  same  as  those  used  for  the  Task  2,  Phase  I  verification  plates. 
The  pylons  were  produced  using  the  same  tooling  and  production  methods  as 
those  employed  for  production  aircraft  pylons.  The  plates  and  pylons  were 
solution  treated  for  15  hours  at  1010±10°F  and  aged  for  5.5  hours  at  32.5°r. 
They  were  quenched  in  room  temperature  water. 

The  composition  specification  for  both  the  plates  and  the  pylons  was  the 
same.  The  use  of  sodium  or  strontium  was  included  in  the  specification 
because  of  the  benefits  to  silicon  particle  morphology  seen  during  the  Phase  I 
testing.  Alcoa  preferred  to  use  sodium  because  they  had  much  more  experience 
with  sodium  than  with  strontium  and  felt  they  could  provide  better  castings  as 
a  result.  However,  because  much  of  the  Phase  I  data  were  obtained  using  Sr- 
modified  material,  Alcoa  was  requested  to  cast  two  of  the  four  pylons  using 
strontium  to  determine  if  the  type  of  modifier  influenced  mechanical 
properties.  The  silicon  modifier  for  the  14  plates  and  the  other  two  pylons 
was  sodium.  In  all  parts  of  the  cast  plates  and  in  designated  areas  of  the 
pylons  (Figure  73b) ,  tensile  properties  were  required  (AMS  4241)  to  meet  the 
following  minimum  values: 

Tensile  Strength 
Yield  Strength  (0.2%  offset) 

Elongation 
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50  ksi 
40  ksi 
3 


a.  F-5  Inboard  Wing  Pylon 


b.  Designated  Areas  of  Pylon  (CrosshatcVi) 


Figure  73.  F-5  Inboard  Wing  Pylon 
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Minimum  tensile  properties  in  nondes ignated  areas  of  the  pylons  were  45 
ksi  ultimate  strength,  36  ksi  yield  strength,  and  2  percent  elongation. 

In  lieu  of  the  DAS  procedures  defined  in  AMS  4241,  a  maximum  DAS  of 
0.0024  inch  throughout  the  plates  and  in  the  designated  areas  of  the  pylons 
was  specified.  This  value  was  selected  based  on  the  results  of  Phase  I 
testing  (Section  5).  Ail  castings  were  required  to  be  Grade  B  quality,  or 
better,  based  on  radiographic  analysis  (1  percent  sensitivity).  Because  the 
castings  were  sectioned  for  mechanical  property  evaluation,  the  attached 
coupons  were  not  tested. 

10.4  CASTINGS  PROPERTIES 

Chemical,  microstructural ,  and  mechanical  property  evaluations  were 
conducted  on  the  cast  plates  and  pylons.  Pylon  test  results  were  compared  to 
those  obtained  during  the  Phase  I  verification  subtask  to  ensure  that  the 
process  requirements  can  be  scaled  up  to  a  large  aircraft  casting.  Tensile 
results  for  the  cast  plates  were  used  to  qualify  material  for  the  DADT  element 
fatigue  testing  (Section  10.5.5).  Based  on  radiographic  analysis,  all 
castings  were  determined  to  be  Grade  B  quality. 

10.4.1  Composition 

Fourteen  plates,  cast  from  two  different  melts,  and  four  inboard  wing 
pylons,  cast  from  four  different  melts,  were  evaluated.  The  composition  of 
each  of  these  melts  is  listed  in  Table  73.  The  compositions  were  within  the 
AMS  4241  (plus  silicon  modifier)  specification;  two  of  the  pylons  were  cast 
from  melts  modified  using  strontium.  The  melt  compositions  were  confirmed  by 
ICP  chemical  analysis  conducted  by  Northrop  on  samples  taken  from  the  plates 
and  pylons. 

10.4.2  Microstructure 


The  microstructure  of  the  cast  plates  and  pylons  was  characterized  using 
optical  microscopy  and  image  analysis.  DAS,  percent  porosity,  and  silicon 
particle  morphology  for  each  of  the  pylons  and  for  selected  plates  were 
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TABLE  73.  D357-T6  PLATE  AND  PYLON  MELT  COMPOSITIONS 


Fe  Si 

Mg 

COMPOSITION 

Ti  Mn 

(WT  %) 

Be 

Na 

Sr 

A1 

Plate  Melts 

0.08  6.91 

0.60 

0.12 

0.00 

0.06 

0.002 

.  . 

Bal. 

0.08  6.87 

0.60 

0.13 

0.00 

0.06 

0.005 

Bal. 

Pvlon  Melts 

0.07  7.00 

0.60 

0.12 

0.00 

0.05 

0.006 

Bal. 

0.08  6.88 

0.59 

0.12 

0.00 

0.05 

0.009 

Bal. 

0.08  6.90 

0.59 

0.13 

0.00 

0.06 

0.011 

Bal. 

0.08  7.15 

0.60 

0.12 

0.00 

0.05 

0.014 

Bal. 

Soecif ication* 

<0.12  6.5- 

7.5 

0.55- 

0.6 

0.10- 

0.20 

<0.10 

0.04- 

0.07 

0.001- 

0.01** 

0.008- 

C.014** 

Bal . 

*  AMS  A241  plus  silicon  modifier 
**  Na  concentration  -  0.00%  when  Sr 
Sr  concentration  -  0.00%  when  Na 


is  used  as  modifier; 
is  used 


241 


determined.  A  typical  micrograph  of  the  sodium-modified  D357-T6  pylon 
microstructure  is  shown  in  Figure  74;  the  microstructure  of  strontium-modified 
D357-T6  is  shown  in  Figure  75.  A  typical  micrograph  of  the  plate 
microstructure  is  given  in  Figure  76. 

The  average  DAS  values,  Si  particle  area,  aspect  ratio,  and  particle 
spacing  for  plate  and  pylon  castings  are  listed  in  Table  74.  Corresponding 
data  obtained  during  Phase  I  verification  testing  for  water-quenched  D357-T6 
are  listed  for  comparison.  The  DAS  of  specimens  taken  from  selected  plates 
(three  plates  from  each  of  the  two  melts)  ranged  from  C.0009  inch  to  0.0014 
inch,  which  is  less  than  the  maximum  specification  requirement  of  0.0024  inch. 
Similarly,  the  DAS  of  specimens  excised  from  each  of  the  four  pylons  was  below 
the  maximum  specification  value,  ranging  from  0.0009  inch  to  0.0017  inch.  The 
average  DAS  values  for  the  sodium  and  strontium  modified  pylons  were  each 
similar  to  that  of  the  verification  material.  The  specimens  that  were  used  to 
determine  DAS  for  the  pylons  were  excised  from  thick,  designated  sections  of 
the  castings. 

The  silicon  particle  morphology  of  the  plates  and  pylons  is  similar  to 
that  of  the  verification  material.  The  silicon  particle  area,  spacing,  and 
aspect  ratio  obtained  for  sodium-modified  pylons  is  nearly  identical  to  those 
obtained  for  strontium-modified  castings.  The  percent  porosity  was  low  in 
each  of  the  cast  plates  and  pylons,  similar  to  that  for  the  verification 
material . 

10.4.3  Tensile  Properties 

The  tensile  properties  of  the  D357-T6  plates  and  pylons  are  summarized 
in  Table  75.  A  total  of  28  tensile  tests  were  conducted  to  evaluate  the 
tensile  properties  of  the  14  plates  (two  specimens  per  plate) .  For  the 
pylons,  16  specimens  (four  per  pylon)  were  machined  from  both  designated  and 
nondesignated  sections  and  tested  (a  total  of  32  specimens).  Average  ultimate 
strength  and  elongation  results  for  the  cast  plates  and  pylons  (both  Na-  and 
Sr-modified)  were  similar  to  the  values  from  the  verification  tests.  Although 
easily  meeting  the  minimum  specification  requirements,  the  average  yield 
.strengths  were  slightly  lower  in  the  Phase  II  castings  than  in  the  Phase  I 
verification  test  plates,  i.e.,  42  ksi  versus  45  ksi. 
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Figure  74.  Typical  Microstructure  in 
Na-Modified  D357-T6  Cast 
Pylon 


Figure  75.  Typical  Microstructure  in 
a  Sr-Modified  D357-T6 
Cast  Pylon 


Figure  76. 


Typical  Microstructure  of  a  D357-T6 
Cast  Plate  (Na-Modified) 
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TABLE  H’.  .  AVEilAGE  DAS  AND  Si  PARTICLE  MORPHOLOGY  DATA  FOR 
D357-T6  PISTES  AND  PYLONS 


Si 

PARTICLE  MORPHOLOGY 

SILICON 

DAS 

AREA 

SPACING 

ASPECT 

POROSITY 

CASTING 

MODIFIER 

( inch) 

(Aim) 

RATIO 

(%) 

Places 

Na 

0.0011 

14 

42 

1.9 

0 

Pylons 

Na 

0.0014 

19 

47 

1.9 

0.013 

Sr 

0.0015 

18 

50 

1.9 

0 

Verification 

•A- 

0.0014 

17 

43 

1  .A 

0.028 

Material 

*  Two  foundries 

used  Na; 

onu  used  Sr 
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TABLE  75.  AVERAGE  TENSILE  PROPERTIES  OF  1)357 -T6  PLATES  AND  PYLONS 


UTS 

(ksi) 

YS 

(ksi) 

El 

(%) 

SILICON 

CASTING 

MODIFIER 

AVG. 

RANGE 

AVG. 

RANGE 

AVG. 

RANGE 

Plates 

Designated  Na 

52 

49-54 

42 

38-44 

8.9 

3.4-14.5 

Pylons 

Designated  Na 

51 

49-52 

42 

39-44 

6.3 

3.5-  8.6 

Sr 

52 

49-54 

42 

39-43 

10.0 

8.0-11.7 

Non- designated  Na 

52 

52-53 

42 

41-42 

7.4 

6.9-  8.0 

Sr 

53 

52-53 

40 

40-41 

10.5 

9.8-11.2 

Verification 

Designated  * 

53 

46 

5.2 

Material 

Specification  Designated 

50 

40 

3.0 

Min, 

Non-designated 

45 

36 

2.0 

*  Two  foundries  used  Na;  one  used  Sr 

NOTE:  Two  plates  were  not  used  for  DADT  testing  because  of  unacceptable 

tensile  results  (see  text  and  Appendix  Table  h);  results  for  these 
plates  are  not  included  in  the  above  averages. 
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Some  of  the  individual  test  results  for  the  pylons  and  the  plates  were 
below  the  AMS  specification  tensile  property  requirements  (Appendix  H,  Tables 
HI,  H2 ,  and  H3)  .  Of  a  totai  of  48  individvial  teit  results  for  designated 
material,  three  UTS  and  three  YS  results  were  slightly  below  the  specification 
minimum.  Thus,  only  88  percent  of  the  data  points  met  or  exceeded  the 
specification  minimum  value.  This  i.s  the  same  percentage  pass  rate  that  was 
observed  for  the  verification  plates.  Unlike  the  verification  material,  for 
the  pylons  it  was  the  ultimate  and  yield  strengths  and  not  the  percent 
elongation  that  usually  did  not  meet  the  minimum  requirement.  On  average,  the 
results  were  low  by  only  0.2  ksl.  There  was  no  difference  in  the  number  of 
specimens  that  failed  to  meet  the  specification  for  the  Na-  and  Sr-modified 
pylons;  in  each  case,  there  were  three  occurrences.  There  was  no  indication 
of  inclusions  on  the  fracture  surfaces  of  these  specimens.  The  DAS,  soundness 
and  composition  were  also  within  specification. 

Because  the  average  pylon  elongation  value  exceeded  the  average 
verification  value  and  the  pylon  failures  were  in  ultimate  and  yield  strength, 
it  is  probable  that  the  pylons  were  underaged  as  a  result  of  nonoptimized 
aging  parameters.  The  aging  conditions  used  by  Alcoa  were  the  same  as  those 
employed  to  make  many  of  the  same  wing  pylons  over  more  than  20  years  of  F-5 
production.  However,  since  the  composition  of  the  four  pylons  that  were  made 
for  the  DADTAC  program  was  different  from  those  made  previously,  presumably 
they  may  require  different  aging  conditions.  Under  the  contract  it  was  not 
possible  to  optimize  the  aging  parameters  for  the  pylons  to  obtain  the  best 
balance  of  mechanical  properties. 

The  average  elongation  of  the  Sr-modified  pylons  was  significantly 
higher  chan  pylons  that  were  modified  using  Na  (10.0  percent  versus  6.3 
percent  for  the  designated  areas).  The  average  ultimate  and  yield  >trengths 
for  the  Na •  and  Sr-modified  material  were  similar  (Appendix  Table  HI).  The 
reason  for  the  difference  in  elongation  Is  not  clear.  The  silicon  particle 
morphology  was  essentially  identical  for  both  materials  (Table  74) .  It  is 
possible  that  the  difference  could  be  due  to  a  need  for  different  aging 
parameters,  depending  upon  which  modifier  is  being  used. 
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Similar  to  the  designated  area  materisil,  nondes Igntited  areas  ot  the  Sr- 
modified  castings  had  a  slightly  different  yield  strength/elongation 
combination  than  the  Na-niodifled  pylons  (40.4  ksi/10..5  percent  and  41.8/7.5 
percent,  respectively).  This  further  support.?  the  conclusion  that  the  aging 
parameters  required  to  obtain  targeted  nechanicol  properties  for  Na-  and  Si- 
raodified  D357  may  not  be  Identical. 

The  detailed  tensile  results  for  the  14  plates  are  showi  in  Appendix 
Table  H3 .  As  in  the  case  of  the  pylons,  some  of  the  test  resvilts  did  not  meet 
the  minimum  requirement.  For  two  plates  (Q13  and  Q14) ,  both  of  the  two 
ultimate  tensile  strength  results  were  below  50  ksi.  One  elongation  value  was 
also  low.  These  two  plates  were  rejected  and  were  not  used  for  the  subsequent 
element  tests  conducted  with  the  plate  material.  Two  additional  plates  (Q6 
and  Q7)  each  exhibited  one  yield  and  one  ultimate  streiigch  value  below 
specification.  However,  because  results  from  a  second  specimen  from  each 
plate  were  within  specification  and  there  was  a  material  shortage,  these  two 
plates  were  used  for  the  clement  testing. 

10.4.4  FatlEue  Properties 

10.4.4.1  Smooth  Stress-Life 

Stress-life  (Kj-  -  1.0)  constant  amplitude  fatigue  data  for  the  four 
D357-T6  pylons  are  sho’vn  in  Figure  77  along  with  a  comparison  with  data  for 
verification  material,  and  /075-T73  [19],  a  wioughc  alloy  cG’'unonly  ifed  in 
fatigue  critical  aircraft  applications.  Two  specimens  (0 . 37o-inch-d,lameter 
gage  section)  per  pylon  were  tested.  No  discerviable  difference  in  fatigue 
life  data  was  observed  between  Na-  and  Sr-modified  material.  The  fatigue 
lives  exhibited  by  the  pylons  are  similar  to  these  exhibited  by  the 
verification  material.  Although  demons t. rating  lower  or  similar  crack  growth 
rates  (Section  10.4.4.2),  the  total  fatigue  life  for  the  D357-T6  specimens  is 
significantly  less  than  that  of  7075-T73.  This  is  probably  indicative  of 
shorter  crack  initiation  lives  for  cast  material. 

The  presence  of  inherent  defects  such  as  dross  and  porosity  enhances 
fatigue  crack  initiation  in  cast  materials.  Fractographic  examination  of  six 
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Maximum  Stress  (ksi) 


Figure  77.  Stress-Life  Fatigue  Data  for  D357-T6  Pylons 
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pylon  fatigue  life  specimens  revealed  that  three  fatigue  cracks  initiated  at  a 
defect  located  at  or  near  the  surface.  In  two  of  these  specimens,  a  large 
(>200  micron)  dross  inclusion  acted  as  the  Initiation  site.  In  the  third 
specimen,  the  fatigue  crack  Initiated  at  a  pore.  A  micrograph  of  the  pore  and 
resulting  fatigue  crack  is  given  in  Figure  78. 

None  of  the  remaining  three  specimens  exhibited  defects  near  the 
surface.  However,  in  each  of  these  specimens,  dross  inclusions  were  observed 
within  the  interior  of  the  gage  section.  A  micrograph  of  a  specimen  in  which 
two  large  inclusions  were  observed  is  shown  in  Figure  79.  This  particular 
specimen  (P96S2),  tested  at  a  gross  stress  level  of  25  ksi,  failed  after 
3.3  X  10^  cycles  (Appendix  I),  which  is  shorter  than  the  5  x  10^  cycle 
lifetime  exhibited  by  a  second  specimen  tested  at  25  ksi.  Overall,  the  amount 
of  dross  observed  in  the  pylon  smooth  fatigue  specimens  suggests  that  the 
quality  of  the  pylons,  particularly  in  the  designated  areas  from  which  these 
specimens  were  machined,  could  be  improved.  Although  the  data  shown  in  Figure 
77  are  similar  to  that  exhibited  by  the  verification  material,  micrographic 
analysis  has  shown  that  large  defects  can  still  exist  and  may  reduce  the  time 
to  initiate  a  fatigue  crack. 

10.4.4.2  Fatigue  Crack  Growth  Rate 

The  range  of  constant  amplitude  fatigue  crack  growth  rate  (FCGR)  data 
obtained  from  the  four  pylons  is  shown  in  Figure  80.  Also  shown  are  the  data 
for  the  Phase  I  verification  material  and  7075-T73  plate  [22].  The  pylon  and 
verification  plate  FCGR  data  are  similar.  The  fatigue  crack  growth  rate  of 
D357-T6  is  slightly  slower  than  that  of  7075-T73.  Therefore,  the  shorter 
fatigue  lives  (Figure  77)  can  be  attributed  to  a  shorter  crack  initiation 
phase  in  cast  material,  presumably  because  of  higher  distribution  density  of 
larger  defects  in  Grade  B  castings. 

10.4.5  Fracture  Toughness 

Fracture  toughness  data  for  the  D357-T6  pylons  are  shown  in  Table  76. 

One  compact  tension  and  four  notched  tensile  specimens  per  pylon  were  tested. 
Fracture  toughness  specimens  were  excised  from  the  thick  attach  pad  at  the  top 
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Figure  78.  Fatigue  Crack  Initiating  From  a  Pore  in  a  Pylon  Fatigue  Specimen 


Figure  79.  Two  Large  Inclusions  Observed  in  a  Pylon  Fatigue  Specimen 


da/dN  (in/cycie) 


AK  (MPaVm) 

•3  10  100 


Figure  80.  Constant  Amplitude  Fatigue  Crack  Growth  Rate  of  D357-T6  Pylons 
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da/dN  (mm/cycle) 


TABLE  76.  D357-T6  PYLON  FRACTURE  TOUGHNESS  AND  NOTCHED  TENSILE  STRENGTH  DATA* 


SILICON 

MODIFIER 

PYLON 

NO. 

KQ 

(ksiVin) 

NTS 

(ksi) 

NTS  AS 

Na 

95 

25.5 

61.0 

42.4 

1.44 

96 

25.4 

60.1 

41.8 

1.44 

Average 

25.5 

60.6 

42.1 

1.44 

Sr 

97 

28.1 

61.6 

41.3 

1.49 

98 

27.2 

62.0 

41.8 

1.49 

Average 

27.7 

61.8 

41.6 

1.49 

Verification 

24.0 

59.0 

46.0 

1.38 

Material 

*  Specimens  excised  from  designated  area  of  the  pylon 
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of  the  pylon  (Figure  73)  where  it  would  mate  with  the  aircraft  structure.  The 
pad  is  a  designated  area.  Pylons  that  contained  Ka  modifier,  had  an  average 
Kq  value  of  25.5  ksiyin.  The  average  Kq  value  of  the  Sr-modified  material  was 
slightly  higher  at  27.7  ksiyin,  which  is  consistent  with  the  higher  elongatior\ 
values  observed  for  this  material.  The  average  NTS/YS  ratio  of  the  Sr- 
modified  material  was  also  slightly  higher  than  that  of  the  Na-modified 
material,  1.49  versus  1.44.  None  of  the  fracture  toughness  results  met  the 
criteria  for  valid  Kjc  values  due  to  the  presence  of  excessive  crack  front 
curvature . 

The  average  fracture  toughness  and  NTS  values  obtained  for  the  pylons 
were  higher  than  the  average  values  determined  for  the  Phase  I  verification 
material.  Average  NTS/YS  ratios  were  also  higher  because  of  the  contribution 
of  these  higher  NTS  values  and  lower  average  yield  strengths. 

10.4.6  FAI  Assessment  of  the  Pvlons 

Frequency  Attenuation  Inflection  (FAI,  Section  4)  measurements  were  made 
on  specimens  excised  from  sele.cted  areas  of  one  of  the  pylons  (P95)  to  further 
assess  both  the  soundness  of  the  casting  and  the  FAI  method.  Fifteen 
specimens  of  varying  thickness  were  machined  from  different  areas  in  the 
casting  and  analyzed  using  FAI  and  X-ray  radiography.  Metallographic  analysis 
was  also  conducted  on  the  specimens  to  confirm  the  FAI  results. 

Results  from  FAI  inspection  showed  that  all  specimens  contained  less 
than  0.1  percent  porosity  (the  minimum  detection  capability  of  the  equipment). 
X-ray  inspection  showed  that  each  of  the  specimens  was  Grade  B. 

Metallographic  analysis  indicated  that  there  was  <0.01  percent  porosity  in  all 
the  specimens,  which  also  supported  the  FAI  results. 

10.4.7  Equivalent  Initial  Flaw  Size  Analysis  of  the  Pvlons 

An  EIFS  analysis  was  performed  using  the  smooth  fatigue  data  obtained 
for  the  four  cast  Inboard  pylons.  The  Weibull  analysis  is  shown  in  Figure  81 
and  also  includes  data  for  cast  verification  plates  for  the  three  individual 
foundries.  The  average  EIFS  for  the  six  specimens  evaluated  was  0.0109  inch. 
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(1-P  (x)) 


Figure  81.  Welbull  Distribution  for  D357-T6  Pylons  and  Verification  Plates 
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This  is  better  than  the  best  verification  material,  made  by  Foundry  A,  which 
had  an  average  EIFS  of  0.0137  inch  (Table  49).  The  Weibull  analysis  in  Figure 
81  also  shows  the  similarity  between  the  EIFS  data  for  the  pylons  and  the 
verification  plates  made  by  Foundry  A. 

10.4.8  Summary 

In  general,  the  overall  properties  for  the  pylons  were  similar  to  those 
obtained  for  the  verification  material  evaluated  in  Phase  I,  including  the 
percentage  of  test  results  that  did  not  meet  the  AMS  4241  specification 
tensile  property  requirements.  The  main  difference  between  the  pylon  and 
verification  data  sets  was  the  balance  between  yield  strength  and  elongation. 
This  suggests  that  the  number  of  out-of-specification  test  results  might  have 
been  reduced  by  additional  aging  of  the  pylons. 

However,  because  pylons  containing  Sr  modifier  exhibited  significantly 
higher  elongation  values  than  Na-modified  pylons  (10.0  percent  versus  6.3 
percent,  respectively,  for  designated  areas),  further  heat  treatment 
optimization  for  each  of  the  two  types  of  material  is  perhaps  required.  The 
overall  conclusion  is  that  with  heat  treatment  optimization,  the  Phase  I 
material  and  process  requirements  can  be  successfully  scaled  up  for  producing 
large,  complex  aircraft  castings. 

10.5  DURABILITY  AND  DAMAGE  I'OLERANCE  ANALYSIS 

A  unified  analytical  method  was  developed  [13]  at  Northrop  under  an  IR&D 
program  to  predict  both  the  crack  initiation  and  crack  growth  portions  of  the 
total  fatigue  life  under  variable  amplitude  loading.  This  method  was  applied 
to  the  DADTAC  program  results  to  detej  line  if  accurate  life  predictions  can  be 
made  for  premium  quality  aluminum  ca  tings.  The  applicability  of  MIL-A-83444 
and  MIL-A-8/221  to  premitun  quality  aluminum  castings  was  also  assessed. 

Test  specimens  were  excised  rora  14  D357-T6  plates  cast  by  Alcoa, 

Tensile  properties  for  each  of  t  use  plates  were  determined  to  ensure  that  the 
material  met  the  AMS  4241  requirements.  Details  of  the  tensile  testing  are 
discussed  in  Sections  10.3  and  10.4.  Only  12  of  the  14  available  plates  were 
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used  for  the  durability  and  damage  tolerance  tests  because  two  of  them  were 
judged  to  be  unacceptable  based  on  the  tensile,  test  results. 

10.5.1  Element  Testing 

Three  types  of  specimen  were  used  to  characterize  D357-T6  under  spectrum 
loading.  These  specimens  were  specifically  designed  to  evaluate  the  crack 
initiation  and  growth  phases  of  damage,  and  included  a  multihole  durability 
specimen  without  precracks  and  two  damage  tolerance  (DT)  specimen 
configurations.  One  of  the  DT  specimen  configurations  had  a  single  hole  with 
a  corner  precrack;  the  other  configuration  had  a  surface  precrack.  The  test 
matrix  is  shown  in  Tuble  77.  All  specimens  were  randomly  excised  from  the  12 
available  D357-T6  cast  plates.  However,  their  location  in  each  plate  was 
noted  to  determine  if  it  influenced  the  test  results. 

Two  7050-T7451  multihole  durability  specimens  were  also  tested  to 
provide  baseline  data  for  evaluating  the  D357-T6  results.  7050-T7451  is  a 
wrought  aluminum  alloy  commonly  used  in  fatigue -critical  aircraft 
applications . 

10.5.1.1  Test  Spectrum 

A  modified  version  of  a  typical  F-18  wing  root  spectrum  was  used  for  all 
fatigue  tests.  The  negative  load  levels  were  removed  so  that  observation  of 
crack  initiation  and  growth  would  not  be  restricted  by  the  use  of  lateral 
buckling  constraints  chat  would  have  been  required.  The  spectrum  tape  data 
consisted  of  event- sequenced  wing  root  loads  representing  a  block  of  300 
flight  hours  and  normalized  by  the  maximum  spectrum  load.  This  spectrum  is 
illustrated  by  the  exceedence  curve  shown  in  Figure  82. 

10.5.1.2  Specimen  Geometry  and  Test  Requirements 

Durability  Tests.  The  multihole  durability  specimen  configuration  is 
shown  in  Figure  83.  Each  specimen  contained  14  holes,  each  having  the  same 
elastic  stress  concentration.  Twelve  D357-T6  and  two  7050-T7451  specimens 
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TABLE  77.  DADT  TEST  MATRIX 


SPECIMEN 

NO.  OF 

TYPE 

SPECIMENS 

Multihole  Durability 

12 

Damage  Tolerance 

-  Surface  Crack 

4 

-  Precracked  Hole 

6* 

*  One  specimen  was  weld- repaired  after 
two  lifetimes  of  growth  and  then 
tested  to  failure 
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VALIEV’S 


(TYPICAL  8  PLC5) 


Figure  83.  Multihole  Durability  Specimen 


were  tesjted  to  failure  over  a  range  of  spectt'Luii  so'<ie',:ity  levels  All  hole.'j 
were  visually  monitored  at  regular  intervals  to  detect  the  first  s.ign  of  cDick 
initiation.  The  time  for  each  crack  to  initiate  was  noted.  The  extent  of  the 
visible  surface  crack  lengtVt  was  monitored  throughout  the  test.  The  test  was 
stopped  at  the  first  occurretrce  of  a  crack  breaking  out  t.o  vhe  etige  of  the 
specimen.  At  the  end  of  the  test  a  metallographt'-.  er.anii nation  of  each 
specimen  was  conducted  at  th  ‘  four  holes  that  contained  the  Largest  cracks  to 
determine  the  size,  location  and  nature  of  the  initiating  defect. 

Crack  Growth  From  a  precrackad  Hole.  The  configuration  of  the  damage 
tolerance  specimen  with  the  precracked  hole  Is  shown  In  Figure  8^4.  A  0.02- 
inch  corner  fiaw  was  introclvced  using  EDK  and  oharpened  undei.  con.stant 
amplitude  fatigue  loading  to  0.05  inch.  Six  .specimens  were.  te.sced  over  a 
range  of  spectrum  severity  levels.  Five  of  these  .specimens  were  v?sted  to 
failure.  One  specimen  which  did  not  fail  after  two  lifetimes  of  crack  growth 
w  j  weld  repaired  and  the  test  was  continued  to  f.iil'.re.  Crack  growth  was 
monitored  at  regular  intervals  on  all  specimens.  The  weld  repair  exercise  was 
performed  to  determine  if  the  crack  growth  characteristics  of  weld  -  repaired 
material  were  significantly  different  from  those  of  the  parent  alloy.  After 
repairing  the  cracked  area,  the  hole  was  reamed  to  its  original  diameter  and 
the  specimen  fatigue  testing  was  continued. 

Crack  Growth  From  a  Surface  Flaw.  The  surface  flaw  damage  tolerance 
specimen  is  shown  in  Figure  85.  A  0.04  x  0.02- inch  EDM  flaw  was  introduced 
and  sharpened  under  constant  ampl.itude  fatigue  loading  to  a  length  of  0.01 
inch.  Four  specimens  were  tested  over  a  range  of  spectrum  severity  levels. 
Crack  growth  wa.s  monitored  at  regular  intervals  on  all  specimens. 

10,5.1.3  Specimen  Fabrication 

General  Layout.  The  12  plates  were  randomly  numbered,  keeping  track  of 
the  individual  heat  lot  idenc if ication .  The  blanks  for  the  multihorc 
durability  specimens  were  located  according  to  the  scheme  shown  in  Figure  86, 
The  preflawed  damage  tolerance  specimen  blanks  were  machined  from  the 
remaining  place  material  such  that  approximately  an  equal  number  were  obtained 
from  each  heat  lot. 
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Figure  84. 


Damage  Tolerance  Specimen  With  a  Precracked  Hole 
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Figure  85. 


Damage  Tolerance  Specimen  With  a  Surface  Flaw 
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SECTION  ’X  -  X' 


CUT  FROM  PLAIt  No. 


f 

PLATE 

(16  K  6  *  1.25) 

1 

X 

I  czeEb  I 


E 


*,  2.  3,  « 

5,  6 

7.  S 

9.  10.  11.  12 

13.  14 


~r 

LOCATION  OF  SPECIMEN  CENTER 

A 

1.50  FROM  EDGE.  0.25  FROM  SURFACE 

B 

3,00  FROM  EDGE.  0.25  FROM  SURFACE 

C 

1.50  FROM  EDGE.  MiO  THICKNESS 

D 

3  00  FROM  EDGE.  MID  THICKNESS 

Figure  86  ,  Location  of  Mul.tihole  Durability  Specimens  in  the  Cast  Plates 
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Multlholft  Durability  Soectmens.  The  multihole  durability  specimens  were 
fabricated  us  defined  in  Figures  83  and  86.  Each  specimen  was  identified 
using  the  code  QX-Y-Z,  where  X  identified  the  plate  number  (I.e.,  '1'  through 
'12'),  Y  identified  the  lo(;ation  (i.e.,  'A'  through  'D'),  and  Z  identified  the 
specimen  number  for  that  location  (i.e.,  '1'  through  'S'  for  location  'A',  and 
'1'  through  '4'  for  location.^  'B'  through  'D').  Identification  was  also  made 
of  Che  .‘■pecimen  surfaces  that  were  in  proximity  to  Che  plate  edge  and  planar 
surface  so  chat  the  location  of  each  crack  initiation  site  could  be 
Gstabli.shed  relative  to  its  position  in  the  original  cast  plate. 

Precracked  Damage  Tolerance  Specimens.  The  precracked  specimens  were 
fabricated  as  shown  in  Figures  84  and  65.  Each  specimen  was  identified  using 
Che  code  QX-Y-Z,  where  X  identified  the  plate  number,  Y  identified  the 
specimen  type  as  precracked  hole  or  surface  flaw  (i.e.,  'H'  or  'S'),  and  Z 
identified  the  specimen  number  for  that  type  (i.e.,  '1'  through  '6'). 

Tensile  Specimens.  Two  tensile  specimens  were  also  excised  from  eac 
plate.  These  results  are  discussed  in  Sections  10.3  and  10.4. 

10.5.2  DADT  Analysis  Method 

The  analysis  method  used  to  correlate  the  results  of  the  durability  and 
damage  tolerance  testing  employed  the  Worthrop  'LOOPING'  computer  program 
[25].  This  method  is  based  on  the  unified  crack  initiation  and  crack  growth 
approach  outlined  in  Reference  15.  The  data  requirements  and  basic  approach 
are  illustrated  in  Figure  87. 

The  basic  premise  of  the  method  hinges  on  the  numerical  integration  of 
the  reciprocal  of  the  changing  analytical  crack  growth  rate  throughout  the 
total  length  of  the  assumed  crack.  The  local  crack  growth  rate  is  obtained 
from: 


(da/dn) 2 
(da/dn)| 


Eq.  10-1 
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Figure  87. 


Flow  Chart  of  Unified  Crack  Growth  Analysis  Requirements 
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where : 


(da/dn)2  "  crack  growth  rate  at  crack  length  a2 

(da/dn)]^  -  crack  growth  rate  at  crack  length 

—  stress  intensity  correction  factor  at  crack  length 
aj^,  including  all  secondary  effects  such  as  crack 
shape,  back  surface  correction,  etc. 

^2  -  stress  intensity  correction  factor  at  crack  length 
32,  including  all  secondary  effects 

m]^  •  exponent  from  the  best  fit  regression  on  the 

analytical  spectrum  crack  initiation  life  trend 

-mi 

Ni  -  CN(KtSj„ax) 

Ni  -  time  to  initiate  a  crack  of  length  0.010  inch  from  a 
notch  subjected  to  a  spectrum  normalized  by  a  design 
condition  elastic  notch  stress  of  • 

At  initiation: 

ai  -  0.010/2  -  0.005 


and  (da/drv)i  -  Ni  based  on  a  spectrum  notch  severity  of 
(K(-  Smax) 

n 


Hence,  Equation  10-1  becomes; 


(da/dn)2  ■“ 


Eq.  10-2 


and  the  time  to  grow  the  crack  from  length  ap  to  aq  can  be 
obtained  from: 


a2  -  aq 


"pq 


(dn/da)2 ‘Aa 


-  Zr 


Eq.  10-3 


Note  chat  a  constant  incremental  value  of  Aa  -  0.010  is  used  in 
the  analysis. 
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10.5.3 


Determination  of  the  spectrum  crack  initiation  life  (N^)  for  the  D357-T6 
test  specimens  was  based  on  the  Northrop  LOOPING  method  [25].  This  method 
utilizes  smooth  round  bar  cyclic  and  hysteresis  stress-strain  data  to  track 
the  values  at  the  elastically  constrained,  plastically  deforming  material 
immediately  local  to  the  notch.  The  resulting  hysteresis  loops  are  then 
correlated  with  the  cyclic  life  observed  during  strain-controlled  tests 
performed  at  varlou.s  constant  strain  ratios  on  similar  smooth  round  bar 
specimens.  The  total  life  to  failure  (Nf)  provided  by  these  tests  is  adjusted 
to  give  the  number  of  cycles  for  the  generation  of  a  0.010- inch  crack  (N^)  by 
the  following  relationship  [15]. 


(Nf/Nj) 


Where : 


Eq.  10-4 


aj  -  0.010  (i.e.,  crack  size  after  an  initial  growth  of 
0.010  inch) 

Aa  -  Size  of  the  numerical  integration  interval  (assumed 
to  be  0.010) 

a  -  Crack  size  at  the  mid  point  of  the  current  interval 

/3a  -  Stress  intensity  correction  factor  for  a  crack  of 
length  "a"  growing  in  a  round  bar 

/3i  -  Stress  intensity  correction  factor  at  the  midpoint  of 
the  Initiation  interval,  i.e.,  at  a  crack  length  of 
0.0050  inch 

m  -■  Paris  equation  slope  of  the  (da/dn)  vs  AK  line 
derived  from  crack  growth  data 
(A  value  of  m  -  4.988  was  obtained  for  D357-T6) 
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The  use  of  Equation  10-4  provided  a  value  of  Nf/Nj  -  1.095  for  the 
smooth  round  bar  specimens  used  to  determine  the  strain  life  data  for  D357-T6, 

Ful^y-reversed  (R  -  -1.0)  strain-life  data  were  obtained  for  D357-T6  and 
B201-T7  and  are  shown  in  Figure  88.  The  associated  cyclic  stress-strain 
curves  are  shown  in  Figure  89.  A  regression  fit  of  the  fully-reversed 
(R  -  -1.0)  D357-T6  strain-life  data  (Figure  88)  gave  the  following 
relationship : 


A«  -0.1552 

-  0.0162(Nf)  Eq.  10-5 

2 

(based  on  nine  data  points;  r^  -  0.975) 

Modifying  Equation  10-5  in  terms  of  N^: 

A£  -0.1552  -0.1552 

_  -  0.0162  (1.095Nf)  -  0.016(Ni)  Eq.  10-6 

The  data  trend  represented  by  Equation  10-6  was  used  for  the  fully 
reversed  strain  life  data  utilized  by  the  Northrop  LOOPING  crack  growth 
program  in  the  analysis  of  the  D357-T6  spectrum  test  life  prediction. 

10.5.4  Analysis 

10.5.4.1  Specimen  Notch  Stress  Concentration 

The  basic  stress  concentration  factor  was  determined  for  each  of  the 
three  specimen  configurations  as  shown  below: 

Multihole  Durability  Specimen.  For  a  row  of  holes  located  in  a  specimen 
of  constant  width,  the  stress  concentration  at  the  end  holes  is  higher  than 
that  at  intermediate  holes.  Therefore,  the  width  of  the  multihole  specimen 
was  increased  near  the  end  holes  so  that  the  elastic  notch  stress  was  the  same 
for  all  holes.  The  holes  in  each  row  had  a  diameter  of  0.25  inch  and  were 
spaced  1,00  inch  apart.  Except  for  the  end  holes,  each  had  an  edge  distance 
of  0.50  inch,  measured  from  the  center  of  the  hole,  providing  a  srre.ss 
concentration  factor  of  -  2 . 84  based  on  the  gross  section  stress  |  I | 
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Except  where  the  end  holes  are  located,  the  width  of  the  specimen  was 
2.55  inches.  The  end  holes  are  located  in  line  with  the  other  holes,  but  the 
width  of  the  specimen  at  that  point  is  2.75  inches,  providing  an  edge  distance 
of  0.60  inch.  The  nominal  stress  concentration  factor  for  the  end  holes  is 
3.03  [14].  Hence,  (KtS)end/(KtS)int  “  (3 . 03/2 . 75)/(2 . 84/2 . 55)  »0.99,  i.e.. 
the  stress  concentrations  at  end  and  intermediate  holes  are  equivalent.  DADT 
analysis  was  conducted  using  the  geometry  of  the  intermediate  holes. 

Single  Hole  Crack  Growth  Specimen.  A  single  0 . 25 -  inch-diameter  hole 
centrally  located  in  a  width  of  1.00  inch  has  a  gross  section  stress 
concentration  factor  of  Kj-  -  3.24  [14]. 

Surface  Crack  Specimen.  Prior  to  crack  initiation,  the  surface  flaw 
specimen  is  assumed  to  have  a  stress  concentration  factor  of  unity. 

10.5.4.2  Net  Section  Yield 

Although  the  analytical  method  is  not  valid  above  net  section  yield,  the 
specimens  were  tested  above  this  value  to  determine  if  the  failure  mode  was 
significantly  different.  The  average  tensile  yield  strength  for  the  D357-T6 
plates  used  for  the  DADT  analysis  was  42  ksi  (Table  75) ,  which  is  close  to  the 
minimum  value  of  40  ksi  given  in  MIL-HDBK-5  for  a  Class  2  designated  area. 

Tlie  MIL-HDBK-5  value  was  used  to  determine  the  gross  stress  level  at  which 
each  of  the  specimen  configurations  would  experience  net  section  yielding,  as 
follows : 

Multihole  Specimen 


Gross  area  -  2.55  x  0.25  ~  0.6375  sq.  in. 

Net  area  -  (2.55  -  0.50)  x  0.25  -  0.5125  sq.  in. 
At  net  yield:  Gross  stress  -  40  x  0.5125/0.6375  -  32.16  ksi 

Single  Hole  Specimen 


Gross  area  -  1.00  x  0.25  -  0.25  sq .  in. 

Net  area  -  (1.00  -  0.25)  x  0.25  -  0.1B75  sq .  in. 
At  net  yield'  Cross  stress  -■  40  x  0.1  875/0.25  -  30.0  ksi 
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Surface  Crack.  Specimen 


Gross  area  —  1.00  x  0.25  —  0.25  sq.  in. 

At  net  yield:  Gross  stress  -  40  ksi 

10.5.4.3  Stress  Intensity  Correction  Factors 

The  stress  intensity  correction  factors  used  in  the  analysis  are  shown 
in  Table  78.  These  values  were  determined  for  a  single  crack  from  the 
standard  solutions  for  the  geometries  tested  and  include  all  secondary 
effects,  such  as  back  surface,  edge  proximity  and  crack  shape.  A  uniform 
(radial  arc)  crack  shape  was  assumed  until  the  crack  exceeded  the  thickness, 
at  which  time  a  through- crack  geometry  was  assumed. 

10.5.4.4  Determination  of  Spectrum  Crack  Growth  Exponent  'm]^' 

The  strain-life  data  obtained  for  D357-T6  were  established  over  a  life 
range  from  10  to  1,000,000  cycles.  The  maximum  strains  associated  with  these 
lives  ranged  from  0.0112  to  0.0020  inch/inch.  The  spectrum  crack  initiation 
life  trend  was  determined  over  a  range  of  elastic  notch  stresses  equivalent  to 
the  above  strains.  Assuming  a  Young's  modulus  of  10.4  Msi  gives  a  maximum 
spectrum  elastic  notch  stress  range  of  116,480  -  20,800  psi.  The  spectrum 
crack  growth  exponent  (mj^)  for  the  DADT  analysis  of  D357-T6  was  based  on  the* 
analytical  crack  initiation  life  trend  obtained  over  this  range  of  elastic 
notch  stress.  The  analytical  crack  initiation  life  trend  versus  the  maximum 
spectrum  elastic  notch  stress  for  D357-T6  is  shown  in  Figure  90a,  from  which  a 
value  of  m]^  -  4.706  was  obtained.  A  similar  analysis  was  conducted  for  7050- 
T7451  plate;  the  derivation  of  mj^  under  the  spectrum  loading  used  for  D357-T6 
is  shown  in  Figure  90b.  A  value  of  inj  -  3.535  was  obtained. 

10.5.5  Test  Results 

The  results  of  the  DADT  tests  are  summarized  in  Figvsre  91.  Crack  growth 
trends  are  also  presented  in  Figures  92  through  96  for  the  precracked  surface 
flaw,  and  for  precracked  hole  specimens  tested  at  stress  levels  below  the  net 
section  yield. 
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TABLE  78.  STRESS  INTENSIIT  CORRECTION  FACTOR  FOR  EACH  DADT  SPECIMEN  GEOMETRY 


CRACK 
LENGTH 
( in) 

MULTI - 
HOLE 
SPECIMEN 

SINGLE 

HOLE 

SPECIMEN 

SURFACE 

CRACK 

SPECIMEN 

0 . 0000 

2.304 

2.328 

0.686 

0.0050 

2.130 

0.0065 

2.054 

0.0100 

0.686 

0.0150 

1.814 

1.842 

0.0250 

1.613 

1.643 

0.689 

0.0350 

1.468 

1.498 

0.0450 

1.357 

1.388 

0.0500 

0.693 

0.0550 

1.270 

1.302 

0.0650 

1.202 

1.233 

0.0750 

1.146 

1.178 

0.0850 

1.102 

1.135 

0.0950 

1.065 

1.100 

0.1000 

0.712 

0.1050 

1.035 

1.072 

0.1150 

1.011 

1.049 

0.1250 

0.991 

1.030 

0.1350 

0.977 

1.019 

0.1450 

0.967 

1.011 

0.1500 

0.755 

0.1550 

0.960 

1.006 

0.1650 

0.9:  ) 

1.005 

0.1750 

0.953 

1.007 

0.1850 

0.959 

1.020 

0.1950 

0.970 

1.039 

0.2000 

0.847 

0.2050 

0.988 

1.063 

0.2150 

1.017 

1.095 

0.2250 

1.055 

1.138 

0.2350 

1.110 

1.212 

0.2450 

1 . 182 

1.305 

0.2500 

1.184 

0.2550 

1.349 

1.499 

0.2650 

1.369 

1.526 

0.2750 

1.390 

1.553 

0.2850 

1.424 

1.654 

0.2950 

1.458 

1.754 

0.3000 

1.302 

0.3050 

1.507 

1.853 

0.3150 

1.570 

1.951 

0.3250 

1.633 

2.047 

0.3350 

1 .  784 

20.964 

0.3450 

1.971 

39.587 

0.3500 

1.490 

0.3550 

20.643 

57.937 

0.3650 

57.517 

76.350 

0.3750 

93.891 

93.899 

0.4000 

1.820 

0.4  500 

2  .  586 

0.4750 

3.673 

0.5000 

100.000 
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Figure  90. 


Determination  of  mj  Under  Spectrum  Loading  for 
D357-T6  and  70S0-T7AS1  Plate 
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MAX  GROSS  SPECTRUM  STRESS  (Ksi) 


Test 

Analysis  (m1  =-4.706) 

D357-T3 

Hole  wilh  No  PrecracK  (Total  Life) 

Life  from  0  050  Inch  Surface  Crack 

Life  for  Hole  with  0.05  Inch  Corner  Crack 

1 

-k- 

L 

7050-T74 

J 

Hole  with  No  Precrack  (Total  Life) 

A 

Analysis  (ml  »3.53o) 

Note:  Indicates  Gross  Stress  at  which  the  Specimen  encounters  Net  Section  Yield 


Figure  91.  Correlation  Between  Test  and  Analysis  for  D357-T6 
Under  Spectrum  Loading 
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Figure  92. 


Spectrum  Growth  Correlation  for  Surface  Flawed  Specimens 
Tested  at  35  ksi  Maximum  Stress  -  0.686) 
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Figure  93.  Spectrum  Growth  Correlation  for  Surface  Flawed  Specimens 
Tested  at  40  ksi  Maximum  Stress  -  0  686) 
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s  94.  Spectrum  Growth  Correlation  for  Surface  Flawed  Specimens 
Tested  at  42  ksi  Maximum  Stress  ()?£  =  0.686) 


Figure  95.  Spectrum  Growth  Correlation  for  Precrackcd  Hole 
Specimens  Tested  at  23  ksi  Gross  Maximum  Stress 
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The  following  observations  were  made: 


•  Crack  growth  of  the  precracked  specimens  was  well-behaved;  no 
significant  interruptions  or  accelerations  were  noted 

•  Tests  repeated  at  maximum  spectrum  stresses  below  the  net  section 
yield  of  the  specimen  gave  similar  results 

•  As  expected,  the  life  trends  were  significantly  reduced  for  those, 
specimens  that  were  tested  above  the  net  section  yield. 

10.5,6  Analytical  Correlation 

Figures  91  through  97  include  the  life  trends  predicted  by  the  unified 
crack  growth  method.  The  following  observations  were  made  with  respect  to 
this  correlation: 

•  Figures  91  and  97  show  that  the  total  life  prediction  for  the 
multihole  specimens  was  accurate  when  the  maximum  net  section 
spectrtim  stress  was  below  the  yield  strength.  Altliough  the  method 
projected  unconservative  results  at  stress  levels  above  the  net 
section  yield,  these  higher  levels  can  be  assumed  to  be  outside 
normal  durability  analysis  requirements. 

•  The  analytical  prediction  for  the  total  life  for  7050-T7451  tested 
at  a  maximum  stress  of  32  ksi  is  also  reasonably  accurate  (67 
percent  of  demonstrated  lives) . 

•  Figure  97  also  shows  that  specimens  excised  from  the  corner  of  the 
casting  (location  A,  Figure  86)  gave  lower  lives  th.  n  those  from 
the  other  locations. 
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Figure  97. 


Correlation  Between  Analysis  and  Test  Results  for 
Multihole  Specimens  (Total  Life) 


I 

I 

I 


277 


®  Although  the  shapes  of  the  analytically  predicted  and  obseri/ed 

curves  are  consistent,  the  unified  method  predicted  shorter  crack 
growth  lives  from  an  initial  0.05- inch  precrack  than  those  obtained 
by  test.  However,  small  changes  in  the  assumed  stress  intensity 
correction  factor  solution  can  have  a  .significant  effect  on  the 
local  crack  growth  rate,  particularly  for  larger  crack  lengths. 

For  example,  a  constant  reduction  in  the  stress  intensity 
correction  factors  for  crack  lengths  above  0.050  inch  to  80  to  85 
percent  of  the  values  used  would  be  sufficient  to  match  the 
analysis  with  the  observed  results. 

10.5.7  Fractographic  Analysis 

Each  of  the  12  multihole  durability  specimens  was  f ractographically 
examined  to  identify  the  crack  initiation  sites.  On  average,  four  crack.s  per 
specimen  were  examined.  The  cracks  which  were  chosen  were  those  that  had 
propagated  the  farthest  or  were  located  at  the  fracture  surface.  SEM  analysis 
was  used  to  identify  the  initiation  site. 

Table  79  provides  data  for  the  cracks  that  first  appeared  at  the 
fracture  surfaces  of  each  specimen  prior  to  failure.  Further  data  on 
additional  cracks  observed  in  the  specimens  are  included  in  Appendix  I.  The 
location  and  propagation  direction  of  the  cracks  are  identified  by  the  hole 
number,  the  face  on  which  the  crack  appeared,  and  the  crack  growth  direction. 
Figure  98  illustrates  the  hole  numbering  scheme.  The  time  at  which  the  cracks 
were  first  observed  and  recorded  and  the  crack  length  at  initiation  arc  also 
indicated  in  Table  79.  Where  possible,  initiation  sites  are  identified. 

Because  of  obscure  f ractographic  features,  initiation  sites  for  many  of 
the  cracks  could  not  be  identified.  As  shown  in  Table  79  and  Appendix  I,  the 
initiation  sites  for  approximately  half  of  the  cracks  analyzed  could  not  be 
determined.  Inspection  of  the  areas  along  the  hole  surfaces  adjacent  to  these 
cracks  suggest  that  they  originated  at  a  single  silicon  particle  or  a  cluster 
of  particles.  As  demon.strated  by  the  data  in  Table  79,  eutectic  silicon 
particles  are  common  initiation  sites  in  D357.  An  example  of  a  single  silicon 
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TABLE  79.  DATA  FOR  CRACKS  OBSERVED  AT  FRACTURE  SURFACES 
OF  MULTIHOLE  DURABILITY  SPECIMENS 


SPECIMEN 

GROSS 

STRESS 

(ksi) 

HOLE 

number(^) 

TIME  AT  CRACK 
INITIATION 
(FLIGHT  HOURS) 

CRACK  l.ENGTH 

AT  INITIATION 
(INCH) 

TOTAL  LIFE 
(FLIGHT  HOURS) 

INITIATION 

SITE 

QSA6 

25 

2'F-O 

31,200 

0.020 

38,428 

NI 

Q10B2 

25 

11-F-O 

44,400 

0.040 

48,928 

NI 

Q3D3 

32 

9-F-O 

11,400 

0.022 

13,528 

NI 

Q12B4 

32 

10-R-I 

8,400 

0.026 

10,828 

NI 

Q7A3 

32 

2-F-I 

9,000 

0.010 

11,053 

Si  Particle.s 

Q4D4 

35 

12-F-I 

6,600 

0.020 

6,628 

NI 

Q5C1 

35 

2.F-0 

4,800 

0.008 

6,755 

Si  Particles 

q6A2 

35 

13-R-O 

3,600 

0.018 

3,755 

Cavity 

Q11B3 

35 

2-R-O 

6,300 

0.028 

6,455 

Si  Particles 

QlDl 

37 

12-F-I 

900 

0.010 

1,528 

NI 

Q2D2 

37 

5-R-O 

2,400 

0.006 

2,419 

NI 

Q9B1 

37 

i3-R-0 

3,600 

0.022 

3,628 

Si  Part  il  l e.s 

Q5A1 

40 

(2) 

(3) 

(3) 

28 

NI 

Q6C2 

40 

(2) 

(3) 

(3) 

253 

NI 

(1)  F  “  Front;  R  -  Rear;  I  -  Inboard;  0  -  Outboard 

(2)  No  fatigue  cracks  were  observed  in  the  specimen 

H)  Due  to  high  stress,  specimen  failed  quickly  and  da :a  were  not  obtained 
NI  “  Not  identified 
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particle  acting  as  an  initiation  site  is  given  in  the  micrograph  in  Figrire  99 
(for  crack  2-R-O  in  specimen  Q7A3).  A  crack  initiating  at  a  cluster  of 
silicon  particles  in  specimen  Q5C1  is  shown  in  Figure  100  (crack  2-F-O).  The 
size  of  the  particle,  in  Figure  99  (determined  i.ising  the  semicircular  area 
method  described  in  Section  7.3.6)  is  approximately  O.OOA  inch. 

Two  of  the  specimens  listed  in  Table  79,  Q6A2  and  QlDl ,  exhibited 
significantly  shorter  crack  initiation  and  fatigue  lives  than  other  specimens 
tested  at  similar  stress  levels.  Fractographic  analysis  of  QlDl  (crack  12-F- 
I)  failed  to  reveal  the  presence  of  a  defect  responsible  for  crack  initiation. 
Analysis  of  Q6A2 ,  however,  revealed  the  presence  of  a  large  cavity  (0  0015 
inch)  adjacent  to  the  hole  surface  from  which  a  fatigue  crack  initiated.  An 
SEM  micrograph  o^  this  site  is  shown  in  Figure  101,  The  origin  of  the  cavity 
is  not  clear;  one  possibility  is  that  it  formed  during  fatigue  from  a 
coalescence  of  microvoids  surrounding  eutectic  silicon  particles.  The  low 
fatigue  life  of  Q6A2  is  presumably  due  to  early  crack  initiation  at  this  site. 

Other  defects  revealed  by  SEM  analysis  include  shrinkage  pores  and 
microcracks.  However,  these  defects  were  observed  in  only  a  few  specimens,  A 
micrograph  of  a  shrinkage  pore  found  in  specimen  Q5C1  (crack  6-F-O)  is  shown 
in  Figure  102.  The  pore  was  located  away  from  the  hole  surface  and  is  not 
believed  to  have  initiated  a  fatigue  crack.  Figure  103  shows  a  microcrack 
extending  from  a  hole  surface  in  speciineri  Q3D3  (crack  2-F-O).  The  reason  for 
the  presence  of  the  crack  is  unknown.  However,  given  che  specimen's 
relatively  long  fatigue  life,  it  does  not  appear  to  have  accelerated  failure. 

10.6  CONCLUSIONS 

•  The  DAS  and  the  silicon  particle  morphology  of  the  Phase  II  cast 
plates  and  pylons  were  similar  to  those  of  the  verification 
material 
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•  The  average  tensile  properties  of  the  Phase  II  casting;  were 
slightly  different  from  the  verification  castings;  the  yield 
strength  was  lower  and  the  ductility  was  higher.  It  was  concluded 
that  the  differences  were  due  to  nonoptimized  aging  conditions, 
i.e.,  the  Phase  II  castings  were  slightly  underaged  compared  with 
the  verification  material 

•  The  ductility  of  the  pylons  modified  using  Sr  was  higher  than  the 
ductility  of  tliose  modified  with  Na 

•  The  smooth  fatigue  lives  for  pylon  material  were  indi.stinguishable 
from  those  of  the  Phase  I  verification  cast  plates 

•  The  fracture  toughness  of  the  pylons  modified  with  Sr  was  higher 
than  the  toughness  of  those  modified  using  Na  (27.7  ksiyin  versus 
25.5  ksiyin).  The  overall  average  fracture  toughness  was  26.7 
ksiy^in,  which  is  higher  than  the  average  value  for  the  verification 
material  (24  ksiyin).  This  trend  is  consistent  with  the  lower 
yield  strength  observed  for  the  pylons 

•  The  overall  pylon  properties  were  similar  to  those  of  the 
verification  plates,  indicating  that  the  Phase  I  material  and 
process  requirements  can  be  scaled-up  for  producing  large,  complex 
aircraft  castings 

•  Analysis  of  the  durability  and  damage  tolerance  test  results 
indicated  that  the  D357-T6  data  are  consistent  with  spectrum 
severities  that  the  material  would  normally  encounter  during  use. 
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SECTION  11 

PHASE  III  -  DATA  CONSOLIDATION 


In  Phase  III,  the  Phase  I  and  II  results  were  analyzed  to  determine  if 
they  support  the  overall  program  objective  of  advancing  foundry  technology  and 
expediting  the  use  of  premium  quality  aluminum  castings  for  durability  and 
damage  tolerance  applications  in  aircraft  structure.  Specifically,  empha.sis 
was  on  recommending  material  and/or  process  specifications  based  on  the 
program  results,  and  on  determining  if  the  existing  durability  and  damage 
tolerance  specifications,  MIL-A-07221  and  MIL-A-83444,  are  applicable  to 
premium  quality  aluminum  castings. 

The  specif ication  issues  are  discussed  in  the  following  subsections. 

11.1  MATERIAL  SPECIFICATIONS 

Based  on  the  program  results,  changes  to  AMS  4241  (D357)  and  AMS  4242 
(B201)  specifications  are  recommended.  The  recommendations  are  discussed  in 
Subsections  11.1.1  and  11.1.2,  respectively.  Permission  was  granted  by  the 
Society  of  Automotive  Engineers,  which  publishes  the  AMS  specifications,  to 
reprint  copies  of  AMS  4241  and  4242  (they  are  protected  by  copyright  law)  in 
this  report.  The  reprints  are  included  in  Appendices  J  (AMS  4241)  and  K  (AMS 
4242) . 

11.1.1  D357-T6 


One  of  the  main  thrusts  of  the  program  was  to  evaluate  the  DADT 
properties  of  D357-T6  and  recommend  requirements  that  can  be  included  in  a  new 
AMS  specification  for  durability  and  damage  tolerance  applications.  Based  on 
the  data  base  developed  during  the  program,  in  addition  to  the  AMS  4241 
tensile  properties,  requirements  for  smooth  (Kj-  -  1.0)  stress-life,  fatigue, 
fracture  toughness,  and  DAS  are  recommended.  The  inclusion  of  four  additional 
reqvii rements  that  might  assist  foundries  in  achieving  the  above  minimum 
properties  were  also  considered.  The  four  requirements  were  to  (1)  include  a 
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silicon  modifier,  (2)  limit  the  silicon  particle  aspcfct  ratio,  (3)  limit  the 
hydrogen  content,  which  correlates  with  gas  porosity  and  fatigue  life,  and 
(A)  HIP  Ccistings  to  reduce  shrinkage  porosity. 

The  introduction  of  a  new  specification,  based  on  AMS  4241,  for 
durability  and  damage  tolerance  aluminum  castings  was  recommended.  The 
recommended  changes  to  AMS  4241  are  outlined  in  Subsection  11.1  1.1. 

Supporting  data  are  discussed  in  Subsection  11.1.1.2.  The  data  that  support 
requirements  (1)  through  (4)  above,  though  not  included  in  the  proposed 
specification,  are  discussed  in  Subsection  11.1.1.3, 

11.1,1.1  Recommended  Changes  to  AMS  4241 

The  fo  i ng  changes  to  the  indicated  sections  of  AMS  4241  are 
recommendec’  to  be  included  in  the  new  D/.DT  spec  if  1  c  iat  ion .  Onl}^  the  main 
changes  ai  ;hown  below;  full  details  are  included  in  Appendix  J.  The 
modifi(^d  specification  was  submitted  to  the  Society  of  Automotive  Engineers 
for  review. 

3.  TECHNICAL  REQUIREMENTS 

3.6  Properties :  Castings  and  integrally -attached  chilled  coupons  shall 
conform  to  the  following  requirements : 

3.6.2  Fatigue  Properties;  Shall  be  as  follows,  determined  in  accordance 
with  ASTM  E  466. 

3. 6. 2.1  Integrally- Attached  Coupons:  Three  specimens  shall  be  tested 
under  constant  amplitude  fatigue  loading  at  a  frequency  between  10  and  20 
Hz.  The  maximum  .stress  shall  be  40  ksi  (276  MPa)  at  a  stress  ratio  of 
0.1,  and  a  stress  concentration  factor  of  1.0. 

The  log  average  life  of  the  three  specimens  shall  be  85,000  cycles,  with 
a  minimum  individual  life  of  46,000  cycles. 
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3. 6. 2. 2  Specimens  Cut  From  CasCinps :  If  tho  cutting  is  sufficifiitlv 
large  to  permit  the  provision  of  the  specimens  in  3.4.2.2.i,  tlte  avt' r.igt' 
and  minimum  fatigue  life  requirements  in  3. 6. 2.  I  sluill  apply.  If  ir 
not  possible  to  excise  0.5  inch  (12.7  imri)  disimcter  specimens  fiom  tiu' 
casting,  smaller  specimens  are  permitted .  These  shall  h.’ive  a  0.250  inch 
(6.4  mm)  or  0.375  inch  (9.5  mm)  diameter  gauge  section.  TI}e  gauge 
section  shall  be  between  1.5  inches  (38.1  mm)  and  2.0  inches  (10.8  nun) 
long.  All  fatigue  specimens  shall  be  excised  from  designated  areas  of 
the  casting. 

The  log  average  life  for  the  0.250  inch  (6.4  mm)  and  0.3  75  inch  (9.5  nun) 
specimens  shall  be  68,000  and  78,000  cycles,  respectively .  The  minimum 
fatigue  life  for  each  individual  specimen  shall  be  36,000  and  42,000 
cycles  for  the  0.250  inch  (6.4  am)  and  0.375  inch  (9.5  mm)  diameter  gauge 
sections ,  respectively. 

3.6.3  Fracture  Toughness  Properties :  Shall  be  not  less  than  21  ksijin. 
determined  in  accordance  with  ASTM  E  1304. 

3.6.5  Microstructure :  The  microstructure  of  the  casting  surface  in  the 
designated  areas  of  the  casting  shall  have  a  dendrite  arm  spacing  that 
does  not  exceed  0.0020  inch  (0.05  mm),  determined  in  accordance  with  ART 
1947.  Castings  which  exhibit  an  unacceptable  microstructure ,  but  which 
meet  the  requirements  of  3.6.1,  3.6.2,  and  3.6.3.  shall  be  held  for 
disposition  by  purchaser's  cognizant  engineering  personnel . 

11.1.1.2  Supporting.  Data  for  the  Recommended  DADT  Spec i f ic it  ion  Requirements 

Dendrite  Ann  Spacing 

That  DAS  influences  the  mechanical  properties  of  D357  is  generally 
recognized  by  the  castings  conununity,  DAS  is  reduced  by  increasing  the 
solidification  rate  (Fit^ure  16);  the  effect  of  solidification  rate  on 
ductility  is  shown  by  the  results  in  Table  24.  The  elongation  of  D357-T6 
solidified  at  a  faster  rate  is  higher  than  that  for  material  solidified  more 
slowly  (6.2  percent  versus  4.0  percent)  over  a  range  of  different 
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coiTipositions .  Similar  trends  were  observed  for  notched  tensile  strength  and 
the  NTS/YS  ratio  (Table  2f).  which  is  a  toughness  Indicator.  hence,  it  is 
essential  that  the  DAS,  which  reflects  the  solidification  rate,  is  maintained 
below  a  maximum  value.  During  the  verification  testing,  DAS  values  were 
obtained  for  21  cast  plates  (Appendix  Table  C8)  ,  each  1 . 25 ■■  inch- thick ,  of 
which  eight  were  glycol -quenched .  The  DAS  range  was  0.0008  to  0.0020  inch, 
with  an  average  value  of  0.0013  inch  and  a  standard  deviation  of  0.00035  inch. 
Bascid  on  these  results  a  maximum  DAS  value,  of  0.0020  inch  was  recommended. 

Stress-Life  Fatigue 

The  stress-life  fatigue  (K^  -  1.0)  data  for  D357-T6  are  shown  in  Figure 
28a  (verification  plates)  and  Figure  77  (pylons).  The  two  data  sets  are 
combined  at>d  shown  in  Figure  104.  The  data  for  F'oundries  B  and  C  plates  fall 
significantly  below  results  for  7075-T73.  The  fatigue  results  for  Foundry  A 
verification  plates,  and  for  the  pylons  produced  by  Alcoa  during  Phase  II  form 
a  band  that  is  similar  to  the  lower  bound  for  7075-T73.  The  conclusion  is 
that  It  is  possible  to  obtain  fatigue  lives  for  D357-T6  that  approach  those 
currently  achieved  for  7075-T73.  The  data  for  Foundry  A  plates  and  the  Alcoa 
pylons  were  subsequently  selected  for  use  in  the  development  of  the  proposed 
AMS  specification. 

The  reason  why  Foundries  B  and  C  were  not  able  to  achieve  results 
similar  to  Foundry  A  is  not  clear.  There  were  no  obvious  differences  in 
microstructure  or  any  other  material  parameters  measured  during  the  program. 
The  fatigue  performance  may  be  a  function  of  foundry  practice.  Details  are 
not  clear,  out  the  key  factor  may  be  associated  with  turbulence  and/or  the 
molten  metal  flow  distance.  The  important  fact  is  that  a  D357-T6  fatigue  life 
similar  to  the  lower  bound  of  7075-T73  place  was  achieved  for  both  plates  and 
large  castings. 

The  following  paragraphs  include  a  description  of  the  procedure  used  to 
define  the  fatigue  life  requirements  included  in  the  proposed  D357  casting 
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MaxitTium  Stress  (ksi) 


70 


Log  Nf 


•  Verification  Plates;  Water-  and  Giycot-CXienched 


Figure  104.  Combined  Plate  and  Pylon  Stress-Life  Fatigue  Data  for  D3b7-T6 
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specification  for  durability  and  damage  tolerance  applications.  The  data 
obtained  for  the  Foundry  A  verification  plates  and  Alcoa's  cast  pylons  were 
used.  The  results  for  the  two  data  sets  are  very  similar  and  represent  the 
best  fatigue  lives  achieved  during  the  program.  In  addition,  they  are  similar 
to  those  for  7075-T73,  Two  different  specimen  sizes  were  used  for  the  plates 
(0,, 5 -inch  diameter)  and  pylons  (0.375- inch  diameter),  which  was  taken  into 
account  during  the  analysis.  The  pylon  cross-section  thickness  was 
insufficient  for  excision  of  the  larger  diameter  specimens. 

The  procedure  follows  a  similar  approach  to  that  currently  used  to 
monitor  the  acceptable  level  of  mid-plane  microporosity  occurring  in  thick 
(>3 . 0  inch)  7050-T7A51  aluminum  plate  being  delivered  to  Northrop  for  use  on 
the  F/A-18  program.  This  requirement  is  specified  in  McAir/Nor throp  Material 
Specification  EO  F09070  to  MMS-1420. 

The  F/A-18  specification  requires  that  at  least  four  smooth  round  bar 
fatigue  specimens  are  excised  from  the  mid-plane  of  the  plate.  These 
specimens  have  a  2-inch-long,  0.50-inch-diameter  gage  section  and  are  tested 
to  failure  under  constant  amplitude  fatigue  in  accordance  with  ASTM  E466  at  a 
maximum  stress  of  35  ksi,  with  a  stress  ratio  R  -  0.1.  Failures  at  machining 
defects  are  discounted  and  are  replaced  with  a  further  specimen.  The  plate  is 
considered  to  be  acceptable  if  each  specimen  exhibits  a  life  of  greater  than 
80,000  cycles  and  the  log  average  life  of  the  specimens  is  greater  than 
100,000  cycles.  At  the  time  these  criteria  were  established,  they  were  based 
on  the  life  trends  obtained  from  plate  that  was  considered  to  be  acceptable, 
according  to  prescribed  penetrant  inspection  requirements,  as  opposed  to 
fatigue  lives  obtained  from  plate  with  unacceptable  mid-plane  porosity.  The 
selected  limits  were  an  engineering  judgement  based  on  observed  trends  rather 
than  a  rigorous  statistical  approach.  However,  the  quality  verification  of 
D357-T6  castings  was  based  on  a  statistical  analysis  of  the  data  after 
confirming  the  approach  using  7050-T7451  plate  data  and  comparing  the  results 
with  the  current  acceptance  limits. 

The  EIFS  distribution  obtained  from  tests  run  [21]  on  a  series  of  2- 
inch-long,  0 . 50  -  inch- diameter  7050-T7451  specimens  is  shown  in  Figure  105. 

This  represents  the  current  standard  acceptable  material  quality  for  thi.s 
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product.  To  doinon.st:rnto  cqulvaleiil;  quality  I'or  .‘uil).sequ('nt  material,  It  will 
be  a.ssumecl  that  it  i  .s  necte.s.sary  for  the  ricrlved  EtFS  values  to  fall  ht’lc.iw  the 
9‘)  percent  confidence  lino  est.al)!  ished  for  the  staiulard.  The.se  sub.sequ'uU 
results  can  be  plotted  using  the  same  theory  of  ranking  approach  for 
establishing  tlie  standard  distribution.  Thu.s ,  for  a  stample  of  four  specimc'ns, 
the  highest  EIFS  value  will  be  plottetl  at  a  median  rank  probability  level  oi 
84  percent  [16].  The?  value  of  ElFfl  relatl.ig  to  the  93  percent  confiilence 
le\’ol  at  84  percent  probability  Is  0.0043  inch  (from  Figure  103).  Th<? 
relationship  between  ETFS  and  life  for  a  0 . 50  -  i  nc’n  ■  d  lame  ter  /05()-T74‘)L 
.specimen  is  detervnined  via  the  method  givf'n  in  Section  7.2.3  and  Is  shown  in 
Figure  106.  The  minimum  expected  life  a.s.sociated  with  a  pore  of  this  size  l.s 
obtained  from  Figure  106  (87,000  cycles).  The  acceptable  average  EIFS  value 
is  obtained  from  the  95  percent  confidence  level  at  50  percent  probability  as 
0.0035  inch,  and  the  associated  minimum  expected  average  life  is  obtained  from 
Figure  106  (103,000  cycles). 

Uhen  the  confidence  band  is  expanded  to  99.5  percent,  the  maximum 
allowable  pore  size  increases  to  0.0045  inch  and  the  maximum  average  pore  size 
increases  to  0.0037  inch.  Using  these  pore  sizes  gives  a  minimum  expected 
life  of  84,000  cycles  and  a  minimure  expected  average  life  of  99,000  cycles. 

The  acceptance  criteria  established  by  this  method  are  thus  shown  to 
guarantee  maximum  pore  sizes  below  the  upper  99.5  percent  confidence  level  of 
the  standard  distribution  that  agree  very  closely  with  the  Northrop/McAir 
specification  established  in  EO  F09070  to  MMS-1420.  Hence,  a  similar  approach 
for  castings  is  proposed.  However,  the  fatigue  lives  required  to  guarantee 
inherent  material  quality  will  be  determined  for  the  D357-T6  specification 
based  on  the  more  stringent  95  percent  confidence  boundary  limit  of  the  defect 
size  distribution  established  for  the  superior  Foundry  A  plates  and  Alcoa 
pylons . 

The  plate  analysis  was  carried  out  based  on  specimens  with  a  fairly 
large  (2-inch-long  x  0 . 50- inch-diameter)  critical  zone  surface  area.  However, 
the  practical  size  for  the  specimens  cut  from  production  aircraft  castings  is 
likely  to  be  smaller  than  this.  The  effect  of  specimen  size  is  determined  as 
follows : 
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Sucden  Death  EiFS  (inches) 


SMOOTH  0/\R  FATIGUE;  0,50  inch  DIA;  H  -  O.IO;  Smax  35  Ksi 
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Figure  106.  Variation  of  Inferred  Sudden  Death  EIFS  of  7050-T7451 
Plate  Based  on  Fatigue  Life 
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Assuming  a  0 . 050- inch-deap  critical  surface  volume  for  a  2- Inch-long, 

0 . 50- inch- diameter  specimen  gives  a  critical  zone  volumo  (V)  of; 

V  -  0.050V»rD 

Wliere  D  -  0.50- inch  diameter 
I!  -  2 -inch  gage  length 
Therefore,  V  -  0.1571  inch^ 

Assuming  that  the  critical  zone  volume  for  a  typical  0.25- inch- 

diameter  hole  in  a  thickness  of  0.25  inch  occurs  at  ±20  degrees  from  the 
normal  hole  axis,  then 

Vhole  -  0-050  »rdt(80/360) 

Where  d  ”  hole  diameter  of  0.25  inch 
t  -  0.25  inch  thickness 
Therefore  -  0.002182  inch^ 

Therefore,  the  number  of  0 . 25- inch- diameter  holes,  drilled  through  a 
thickness  of  0.25  inch,  that  have  the  same  critical  zone  volume  as  a  2 -inch- 
long,  0 . 50- inch-diameter  test  specimen  is  equal  to  0.1571/0.002182  -  72. 

Hence,  the  failure  of  the  fatigue  specimen  can  be  considered  to 
represent  the  "sudden  death"  failure  of  a  set  of  72  holes.  Based  on  the 
theory  of  ranking,  a  series  of  similar  test  groups  would  result  in  lives  that 
would  cluster  about  the  1,15  percent  probability  level  of  the  life 
distribution  expected  from  the  general  hole  population.  Conversely,  the  EIFS 
values  (obtained  from  the  application  of  the  method  given  in  Subsection  7.2.3) 
will  cluster  about  the  98.8  percent  probability  level  of  the  general  EIFS 
population. 

The  test  specimen  (or  "sudden  death")  EIFS  values  are  plotted  as  a 
Weibull  distribution  using  ranking  tables  and  the  median  and  95  percent 
confidence  limits  established  by  regression  analysis.  These  trends  can  then 
be  used  to  provide  the  statistics  for  the  general  population  by  tran.slating 
them  from  the  50  percent  probability  median  "sudden  death"  value  to  the  98.8 
percent  probability  level. 


294 


This  extircise  was  carried  out  for  D357-T6  based  on  the  fatigue  results 
from  smooth  round  specimens  excised  from  the  f'oundry  A  verification  plates  and 
the  A.'.coa  pylons.  A.lchough  the  specimen  geometries  for  these  two  lots  wore 
slightly  different  (2  inches  long  x  0.50  inch  diameter  for  the  verification 
material,  and  1,5  inch  long  x  0.375-lnch  diameter  tor  the  pylons),  the 
resulting  surface  ■''olumes  were  still  considered  to  be  close  enough  for  tlio 
data  to  be  combined.  The  results  of  this  analysis  are  shown  in  Figure  10/. 

The  resulting  general  population  distribution  can  now  be  regressed  back 
to  a  "sudden  death"  trend  for  other  specimen  geometries,  as  shown  below. 

The  general  equation  for  thu  number  of  0 . 25  -  inch-diameter  holes  drilled 
in  a  0 . 25  -  inch- thick  layer  that  are  represented  by  a  smooth  round  bar  coLipon 
with  gage  length  C  and  diameter  D  is • 

Nequiv  0.050  TrOi/0 . 002182  -  72  Dt 

The  nt'jnber  of  holes  is  shown  below  for  a  range  of  gage  section  length 
and  diameter  combinations. 


DIA 

(in) 

GAGE 

LENGTH 

(in) 

2.0 

1.0 

0.5 

0.50 

72 

36 

18 

0.25 

36 

18 

9 

0.125 

18 

9 

9 . 5 

Based  on  the  theory  of  ranking,  the  "sudden  death"  EIFS  values  obtained 
from  the  above  specimen  geometries  will  cluster  about  the  probability  val\ies 
for  the  general  population  as  shown  below. 
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fc'IFS  WEIBULL  ANALYSIS  D357-T6  CASTING,  BASED 
ON  FOUNDRY  A'  VERIFICATION  AND  PYLON  DATA 


Figure  107.  Weibull  Distribution  of  D3')7-T6  Pylon  and 
Foundry  A  Verification  Plate  Data 
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DIA 

(in) 

GAGE 

LENGTH 

(in) 

2.0 

(%) 

1.0 

(%) 

0.5 

(%) 

0.50 

98.8 

98.1 

96.2 

0.25 

98.1 

96.2 

92.6 

0.125 

96.2 

92.6 

85.5 

Hence,  the  "sudden  death"  statistics  for  the  above  specimen  geometries 
can  be  obtained  by  translating  the  median  line  of  the  previously  generated 
"general  population"  distribution  from  tlie  above  cluster  points  back  to  the  50 
percent  probability  level. 

The  maximum  expected  "sudden  death"  EIFS  is  then  read  ac  the  highest 
ranking  probability  for  the  number  of  specimens  to  be  run  from  the  95  percent 
confidence  line  for  the  specimen  type  under  investigation.  B.ised  on  the 
theory  of  ranking,  these  probabilities  are: 


NUM.BER  OF 
SPECIMENS  TESTED 

HIGHEST  RANK 
PR0)3AB1LITY  (%) 

2 

70.  7 

3 

79.4 

4 

84 . 1 

The  maximum  expected  average  ".sudden  death"  F.IFS  is  read  from  the  95 
percent  confidence  line  at  the  50  percent  probability  level  foi'  the  .s(>ecimen 
type  under  investigation.  Tiiis  value  is  independent  of  the  number  of 
specimens  tested. 
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The  relationship  between  EIFS  and  life  for  various  D357-T6  specimen 
cross  -  section  diameters  is  determined  via  the  method  given  in  Subsection  7.2.3 
and  is  shown  in  Figure  108. 

The  minimum  lives  and  the  minimum  average  lives  that  can  be  accepted,  as 
a  function  of  the  number  and  geometry  of  the  coupons  tested  are  obtained  from 
Figure  108.  These  results  are  based  on  the  95  percent  confidence  upper  rank 
and  50  percent  probability  EIFS  values  determined  from  the  statistical 
manipulation  described  above.  These  are  summarized  in  Table.s  80  and  81  and 
plotted  for  specimens  with  a  1-inch  gage  length  in  Figure  109. 

Based  on  the  above  analysis,  fatigue  life  acceptance  requirements  for 
D357-T6  were  recommended  based  on  test  results  for  three  specimen.s.  For 
integrally- attached  coupons,  2-inch-long  x  0 . 5- inch-diameter  specimens  are 
specified.  For  castings,  specimens  of  this  size  may  not  be  feasible,  and 
reduced  length  specimens  with  diameters  of  0.25  or  0.375  inch  are  acceptable, 
with  the  minimum  and  log  average  allowable  fatigue  lives  adjusted  accordingly. 
Details  are  included  in  Subsection  11.1.1.1  and  Appendix  J. 

Fractt\re  Toughness 

A  fracture  toughness  of  21  ksiyin  was  included  in  the  specification, 
based  on  data  obtained  during  the  verification  task  of  Phase  I  (Table  C7, 
Appendix  C) .  A  total  of  11  compact  tension  tests  were  performed.  Seven  were 
for  water-quenched  material;  the  remaining  four  were  quenched  in  glycol.  In 
addition,  five  chevron-notched  specimens,  excised  from  the  failed  compact 
tension  specimens,  were  tested.  The  correlation  between  the  two  types  of 
tests  was  excellent. 

The  lowest  compact  tension  fracture  toughness  value  obtained  was 
21  ksiyin.  This  particular  test  yielded  a  valid  Kj^  result,  unlike  most  of 
the  compact  tension  tests.  The  lowest  chevron-notch  test  result  was  almost 
exactly  the  !me  (21.5  ksiyin).  Thus,  21  ksiyin  was  selected  for  inclusion  in 
the  specification.  The  selected  test  method  was  the  chevron-notch,  which  i.s 
now  a  valid  ASTM  test  (E1304).  The  compact  tension  method  was  not  recommendt d 
t'.ec.'ui.se  of  the  difficulties  obtaining  valid  results  for  aluminum  castings. 
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Sudden  Death  EIFS  (inches) 


SMOOTH  BAR  FATIGUE;  Smax^40  Ksi;  R=.0.10 


Cycles  to  Failure  (Thousands) 


Figure  108.  Variation  of  Inferred  Sudden  Death  EIFS  of 
0357 -T6  Based  on  Fatigue  Life 
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TABLE  80.  MAXIMUM  EIFS  AND  MINIMUM  FATIGUE  LIFE  VS. 
SPECIMEN  SIZE  AND  NUMBER  OF  TESTS 
(Smax  -AOksi;  R-0.1) 


MAXIMUM  EIFS 

( in) 

MINIMUM 

LIFE  (■  CYCLES) 

SPECIMEN 

SPECIMEN 

GAGE  LENGTH  11 nl 

SPECIMEN 

GAGE  LENGTH  lin) 

DIA  ("In') 

2.0 

1.0 

0.50 

2.0 

1.0 

0.50 

(a)  Two 

Tests 

0.500 

0.0200 

0.0190 

0.0175 

56000 

62000 

72000 

0,250 

0,0190 

0.0175 

0.0160 

43000 

50000 

63000 

0.125 

0.0175 

0.0160 

0.0145 

22000 

29000 

40000 

(b)  Three  Tests 

0.500 

0.0220 

0.0210 

0.0195 

46000 

51000 

59000 

0.250 

0.0210 

0.0195 

0.0175 

33000 

40000 

50000 

0.125 

0.0195 

0.0175 

0.0160 

15000 

22000 

29000 

( c )  Four 

Tests 

0.500 

0,0240 

0.0230 

0.0215 

39000 

43000 

49000 

0.250 

0.0230 

0.0215 

0.0190 

26000 

30000 

43000 

0.125 

0.0215 

0.0190 

0.0170 

10000 

17000 

25000 

TABLE  81.  MAXIMUM  AVERAGE  EIFS  AND  MINIMUM 
FATIGUE  LIFE  VS.  SPECIMEN  SIZE 

AVERAGE 

MAXIMUM  EIFS 

( inL 

MINIMUM  AVG  LIFE 

(CYCLES) 

SPECIMEN 

SPECIMEN 

GAGE  LENGTH  I ini 

SPECIMEN 

GAGE  LENGTH  lin) 

DIA  Cin’) 

2.0 

1.0 

0.50 

2.0 

1.0 

0.50 

0.500 

0.0160 

0.0155 

0.0150 

85000 

90000 

95000 

0.250 

0.0155 

0.0150 

0.0140 

67000 

70000 

83000 

0.125 

0.0150 

0.0140 

0.0125 

35000 

44000 

37000 

300 


SPECIMEN  DIAMETER  (inches) 


Figure  109.  Variation  of  D357-T6  Specification  Fatigue 
Life  Requirements  vs.  Specimen  Diameter 
(1.0 -inch  gage  length) 
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1 1  .  1 ,  .1 .  '3  Support'tniJ  Datn  tor  Specification  Chfing.os  Not  Sclocted 

During  data  c.orisol  1  dat; ion  (Pb.ase  III),  I'he  DADTAC  data  wore  analyzed  to 
.select;  requirements  for  inclu.sion  in  a  proposed  new  D357  -T6  AMS  specification 
for  ductility  and  damage  tolerance  applications.  Three  new  requirements  were 
selected,  as  discussed  in  Subsection  11.1.1.2,  In  addition  to  the  three 
.selected  recommendation, s ,  four  other  issues  were  investigated  but  were  not 
.selected  for  incltislon  in  the  proposed  new  specification.  All  four  were 
approaches  that  could  help  achieve  the  target  tensile,  fatigue,  and  fracture 
toughness  values.  However,  after  dlscu.ssions  with  the  foundry  community  and 
the  Air  Force,  it  was  decided  that  their  use  should  be  at  the  discretion  of 
the  foundry.  The  four  issues  are  discussed  below.  The  data  presented 
indicate  that,  by  carefully  controlling  the  silicon  particle  size  morphology 
and  iiydrogen  content,  and  perhaps  by  HIPing  the  casting,  an  improvement  %.n 
fatigue  life  might  be  attained.  These  factors  should,  therefore,  be 
considered  by  the  foundry  when  producing  castings  to  meet  the  requirements 
listed  in  Subsection  11,1.1.1. 

S 11  icon  Modifier 

The  inclusion  of  a  silicon  modifier  was  considered  because  there  was  a 
clear  indication  of  improvement  (Subsection  5,. 3)  in  ductility,  notched  tensile 
strength,  NTS/YS  ratio  (an  indicator  of  fracture  toughness)  and  the  silicon 
particle  morphology  (Figure.  17)  of  material  at  the  edge  of  the  ca.st  plate, 
(i.e.,  not  under  the  chill).  With  adequate  chilling  it  is  possible  to  achieve 
similar  results  as  those  obtained  by  adding  a  silicon  modifier.  However,  the 
latter  promotes  the  formation  of  smaller  silicon  particles  in  those  areas  of  a 
casting  that  are  not  chilled,  Silicon  particles  were  shown  to  be  the  primary 
crack  initiation  sites  in  the  multihole  durability  specimen.^  tested  under 
fatigue  loading  'Subsection  10.5.7).  Therefore,  for  fatigue- critical 
applications,  the  likelihood  of  forming  large,  it  regularly- shaped  particles  of 
a  brittle  phase  such  as  silicon  could  be  reduced  by  the  use  of  a  modifier, 
with  a  possible  improvement  in  fatigue  life. 

Both  Sr  and  Na  were  evaluated  in  otherwise  identical  cast  pylons 
produced  by  the  same  foundry  (Alcoa).  There  were  differences  in  the  balance 
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of  mechanical  properties  achieved  with  the  two  modifiers  (Subsection  10.4). 
These  differences  may  have  been  due  to  nonoptimized  aging,  though  it  is 
possible  that  Sr  may  have  provided  better  properties  than  did  Na. 

Specifically,  the  ductility  and  fracture  toughness  were  higher  for  Sr-  than 
for  Na-modified  material. 

Either  Sr  or  Na  could  be  used,  depending  on  the  foundry  preference. 

Some  foundries  believe  that  gas  porosity  is  more  readily  controlled  by  using 
Na,  though  no  significant  difference  in  measured  porosity  was  observed  between 
the  Na-  and  Sr-modifled  cast  pylons  evaluated  in  Phase  II  (Table  74) . 

Silicon  Particle  Aspect  Ratio 

The  investigation  described  in  Subsection  10.5.7  showed  that,  in  the 
absence  cf  porosity,  fatigue  cracks  typically  initiate  at  silicon  particles. 
This  is  to  be  expected  because  the  silicon  is  a  brittle  inclusion  in  a 
relatively  ductile  matrix,  which  would  promote  a  local  increase  in  stress. 
Compared  with  "spherical"  .silicon  particles,  the  effect  will  be  amplified  for 
elongated  particles,  which  should  therefore  be  avoided.  Thus,  a  low  silicon 
particle  aspect  ratio  is  preferred.  Of  the  three  basic  silicon  particle 
morphology  parameters,  the  aspect  ratio  was  also  recommended  by  Boeing  [26]  a.s 
being  the  most  useful  for  controlling  ductility.  The  other  two  parameters  are 
particle  area  and  spacing. 

The  average  aspect  ratio  for  the  verification  plates  from  all  three 
foundries  (Subsection  7.3.2)  was  1.66±0.07.  The  total  number  of  data  points 
was  37.  Based  on  this  average  value  and  standard  deviation,  the  inclusion  of 
a  maximum  aspect  ratio  of  1.80  was  considered,  i.e.,  average  value  plus  2a. 

No  specific  data  relating  aspect  ratio  and  fatigue  life  were  obtained  during 
the  program.  However,  based  on  the  fact  that  irregularly- shaped  brittle 
phases  are  intuitively  detrimental  to  mechanical  properties,  in  an  effort  to 
maximize  fatigue  life,  a  maximum  aspect  ratio  was  considered  for  inclusion  in 
the  specification.  This  is  supported  by  information  in  the  literature  [27]; 
it  was  reported  that  the  fatigue  life  of  A356  was  dependent  upon  the  distance 
from  the  chill  (solidification  rate).  Specifically,  the  fatigue  life  was 
related  to  the  dendrite  cell  size  and  the  morpholog>  of  the  silicon  particles 
which  are  stress  raisers. 
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Hydrogen  Content 


The  stress -life  fatigue  data  shown  in  Figure  A8  indicate  that  the 
fatigue  life  of  D357-T6  is  shorter  than  that  of  7075-T73  and  is  dependent  on 
the  amount  of  gas  porosity  present  (Grade) .  Grade  A/B  material  has  a  much 
longer  average  fatigue  life  than  Grade  D,  and  it  is  comparable  to  the  lower 
bound  for  7075-T73.  The  gas  pores  in  the  cast  material  nucleate  fatigue 
failure;  hence,  the  higher  the  average  porosity  (Grade  D) ,  the  shorter  is  the 
fatigue  life.  Conversely,  the  maximum  fatigue  life  for  0357 -T6  can  only  be 
achieved  by  minimizing  the  gas  porosity. 

D357-T6  cannot  be  used  for  fatigue  critical  applications  unless  a  useful 
minimum  fatigue  life  (maximum  gas  porosity)  can  be  guaranteed.  The  gas 
porosity  in  aluminum  castings  is  hydrogen  that  comes  out  of  solution  during 
alloy  solidification,  forming  spherical  pores  in  the  solidified  metal. 

Hydrogen  solubility  is  much  greater  in  the  liquid  than  the  solid  phase. 
Minimizing  the  hydrogen  gas  in  the  alloy  will  assist  in  obtaining  the  best 
possible  fatigue  life.  To  more  clearly  define  the  relationship  between  gas 
porosity  and  fatigue  life,  the  hydrogen  gas  content  of  33  of  the  failed 
fatigue  specimens  from  Task  3  of  Phase  I  was  determined.  The  results  were 
obtained  by  Wright  Laboratory  vising  the  DADTAC  contract  specimens.  The 
individual  test  results  are  detailed  in  Appendix  L.  Their  significance  is 
discussed  below,  with  the  objective  of  determining  if  a  maximum  hydrogen 
content  could  be  included  in  an  AMS  specification  to  guarantee  a  minimum 
fatigue  life. 

If  the  bulk  hydrogen  gas  content  is  plotted  against  fatigue  life,  a 
curve  for  each  maximum  fatigue  stress  is  obtained.  These  are  typified  by 
those  shown  in  Figure  110  for  20  and  30  ksi.  The  results  show  that  there  is  a 
clear  correlation  between  hydrogen  content  and  fatigue  life.  However, 
selection  of  a  maximum  hydrogen  content  (minimum  fatigue  life)  is  complicated 
by  the  fact  that  the  fatigue  data  are  spread  across  a  range  of  stress  levels 
(25  to  45  ksi).  A  common  denominator  was  needed  so  that  the  individual 
results  could  be  normalized  into  a  single  data  set.  This  was  achieved  by 
calculating  the  equivalent  initial  flaw  size  (EIFS)  for  <  ich  specimen.  The 
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Fatigue  Life  (Cycles) 

Figure  110.  Relationship  Between  Fatigue  Life  and 
Bulk  Hydrogen  Content  of  D357-T6 
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EIFS  is  calculated  from  a  relationship  that  Includes  parameters  derived  from 
constant  amplitude  fatigue  test  results,  fatigue  crack  growth  rate,  and  yield 
strength  (Subsection  7. 2. 3.1). 

A  plot  of  EIFS  versus  bulk  hydrogen  content  is  shown  in  Figure  111, 
indicating  a  clear  correlation.  The  regression  equation  for  Grades  A/B,  B,  C, 
and  D  (Figure  111a)  data  is: 

EIFS  -  0.065  +  0.411  Log  (H2) 

The  region  of  the  curve  of  most  interest  is  at  the  lower  hydrogen  content 
values  (Grades  A/B  and  B) .  The  objective  was  to  determine  if  a  maximum 
hydrogen  content  that  will  assure  an  acceptable,  guaranteed  fatigue  life  could 
be  identified.  The  Grade  A/B  and  B  data  are  plotted  separately  in  Figure  111b 
using  an  expanded  scale.  These  data  are  defined  by  the  linear  relationship: 

EIFS  -  0.2  X  (H2) 

The  Grade  B  data  segregate  into  two  groups,  spanning  an  EIFS  value  of  about 
0.025  (0.13  ppm  hydrogen).  The  fatigue  life  of  the  specimens  with  less  than 
0.15  ppm  hydrogen  are  those  that  are  in  the  upper  end  of  the  stress -life  data 
band  shown  in  Figure  48.  Based  on  these  results,  a  value  of  0.15  ppm  was 
considered  for  selection  as  the  minimum  allowable  hydrogen  content. 

Hot  Isostatic  Pressing 

Because  the  fatigue  life  of  D357  was  shown  to  be  significantly  shorter 
than  that  of  a  wrought  aluminum  allo^'  (Figure  28),  every  possible  means  to 
attain  an  improvement  was  considered.  HIPing  of  B201  was  shown  in  a  previous 
contract  to  provide  a  significant  increase  in  fatigue  life  by  reducing 
shrinkage  porosity  [12].  Though  the  effect  of  HIPing  on  the  fatigue  life  of 
D357  was  not  specifically  investigated,  shrinkage  porosity  was  observed  during 
the  program.  Hence,  HIPing  of  D357  to  reduce  the  amount  of  shrinkage,  which 
c.^n  b)  a  nucleation  site  for  failure  under  fatigue  loading,  was  considered. 
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11.1.2  B201-T7 


Only  one  change  to  AMS  4242  is  recommended;  It  should  include  a 
provision  for  HIPing,  which  reduces  microshrinkage  and  improves  fatigue  life 
[12],  The  suggested  changes  to  the  indicated  sections  of  AMS  4242  are  shown 
below.  All  sections  not  indicated  remain  unchanged.  AMS  4242  is  reprinted  in 
its  entirety  in  Appendix  K. 

J.  TECHNICAL  REQUIREMENTS 

3.5  Heat  Treatment :  Castings  and  integrally- attached  test 
coupons  shall  be  hot  isostat ically  pressed  (HIP)  as  specified  in 
3.5.3  and  shall  be  solution  and  precipitation  heat  treated  in 
accordance  with  MIL-H-6088  except  as  specified  in  3.5.1  and  3.5.2. 

3.5.3  Hot  Isostatic  Pressing:  All  castings  and  integrally- 
attached  coupons  shall  be  HIPed  prior  to  heat  treatment .  A  step 
treatment  of  910 -930” F  (490-500°C)  for  not  less  than  two  hours, 
followed  by  940-960”F  (505-5i5”C)  at  a  pressure  of  15,000  psi  for 
not  less  than  three  hours,  is  recommended . 

11.2  PROCESS  SPECIFICATIONS 

No  unusual  processing  methods  were  employed  for  producing  any  of  the 
cast  plates  or  pylons  for  the  DADTAC  program.  For  the  D357  and  B201 
verification  plates,  Alcoa  cast  the  aluminum  into  a  vertical  mold;  Hitchcock 
Industries  and  Fansteel  Wellman  Dynamics  both  used  a  horizontal  arrangement 
(Subsection  7.2.1).  Each  foundry  used  different  chill  types  and 
configuration.  The  inboard  wing  pylons  evaluated  in  Phase  II  were  cast  by 
Alcoa  using  the  same  molds  previously  employed  over  many  years  for  the 
production  pylons.  However,  some  indications  of  guidelines  for  producing 
D357-T6  and  B201-T7  castings  can  be  derived  from  analysis  of  the  test  data,  as 
described  in  the  following  sections. 
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11,2.1  D357-T6 


Analysis  of  the  microstructural  and  mechanical  property  data  for  D357-T6 
reveals  information  that  might  facilitate  the  production  of  castings  with 
improved  properties.  For  D357-T6,  Foundry  A  verification  plates  had  the 
longest  fatigue  lives  (Figure  28)  and  the  lowest  equivalent  initial  flaw  size 
(Table  49)  .  The  other  two  foundries  were  similar  to  each  other  in  this 
regard,  but  not  as  good  as  Foundry  A.  The  smooth  fatigue  (K^-  -  1.0)  stress - 
life  test  is  very  sensitive  to  the  presence  of  casting  defects,  which  are 
potential  crack  initiators.  The  more  defects  that  are  present  in  a  material, 
the  higher  is  the  likelihood  that  one  will  be  positioned  at  a  critical 
location  that  results  in  early  failure  under  fatigue  loading,  e.g.,  on  the 
surface  of  the  gage  section  of  a  fatigue  specimen.  The  indications  are, 
therefora,  that  Foundry  A  produced  "cleaner"  material. 

In  Phase  II,  it  was  observed  that  fatigue  crack  initiation  of  the 
raultihole  specimens  often  occurred  at  silicon  particles.  It  is  clear, 
therefore,  that  silicon  particles  should  be  as  small  and  as  spherical  as 
possible.  An  analysis  of  the  percent  porosity  of  the  verification  plates  that 
met  the  property  requirements  (Table  45)  shows  that  there  is  little  difference 
from  foundry- to- foundry .  Wliile  there  are  differences  in  silicon  particle 
morphology  between  plates  from  the  three  foundries,  there  are  no  major  trends. 
However,  several  plates  from  Foundries  B  and  C  were  rcj'^cred  because  they 
failed  to  meet  the  tensile  property  requirements.  Data  for  these  plates  were 
not  included  in  Table  45.  If  silicon  particle  morphology  and  percent  porosi'y 
data  for  the  rejected  verification  plates  are  included  in  the  overall 
assessment,  the  results  are  more  revealing  (Table  82).  The  average  DAS, 
silicon  particle  spacing  and  area,  and  percent  porosity  are  now  all  smaller 
for  the  Foundry  A  plates  than  for  Foundries  B  and  C.  In  light  of  the  .smootli 
fatigue  results,  the  absence  of  measurable  porosity  ana  the  smaller  silicon 
particles  in  the  Foundry  A  material  may  be  major  contributors  to  its  excellent 
fatigue  properties.  Also,  the  rejected  plates  from  Foundries  B  and  C  were 
observed  to  have  inclusions  (d7'oss)  on  the  surface  of  tensile  specimens  th  it 
did  not  meet  the  specification  minimum  ductility  value.  The.se  inclusioti.s 
probably  contributed  to  the  shorter  fatigue  lives  of  Foundry  B  and  C  materi.il 
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TABLE  82.  SILICON  PARTICLE  MORPHOLOGY  AND  POROSITY 
FOR  ALL  D357-T6  VERIFICATION  PLATES 


Si  PARTICLE  MORPHOLOGY 


FOUNDRY 

DAS 

(INCH) 

AREA 

(A*m2) 

SPACING 

(/im) 

ASPECT 

RATIO 

POROSITY 

(%) 

A 

O.OOII 

13 

37 

1.6 

0 

B 

0.0017 

20 

43 

1.6 

0.11 

C 

0.0015 

16 

46 

1.7 

0.18 
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The  effect  of  a  nonoptiraum  micros  true  ture  on  the  properties  of  D3.57-T6 
(Subsection  8.U)  was  significant.  The  mechanical  properties,  particularly 
tensile  properties  and  fracture  toughness,  were  reduced  by  the  development  of 
a  much  more  coarse  rnicrostructure . 

The  main  conclusion  is  that,  from  the  Foundry  A  data,  it  is  possible  to 
produce  castings  that  result  in  improved  fatigue  properties.  The  fatigue  life 
for  Foundry  A  material  (Figure  28a)  more  closely  approaches  that  of  7073-T73 
than  Foundries  B  and  C,  and  exhibits  a  higher  value  for  both  the  upper  and 
lower  extremities  of  the  data  scatter.  Unless  the  fatigue  life  of  alumituim 
castings  can  be  both  consistent  and  close  to  that  of  conventional  ingot 
alloys,  they  are  unlikely  to  be  used  in  fatigue -cri tical  applications. 

Foundry  A  showed  that  this  goal  might  be  achievable  by  attaining  a  fine 
rnicrostructure  with  little  or  no  detectable  porosity.  Verification  of  this 
quality  can  be  achieved  by  the  use  of  a  fatigue  test. 

To  achieve  the  improved  fatigue  properties  exhibited  by  Foundry  A, 
foundry  practices  must  include  significant  precautions  to  ensure  that  the  fine 
rnicrostructure  and,  in  particular,  a  very  low  porosity  content  is  achieved. 

11.2.2  B201-T7 

All  the  cast  b201-T7  verification  plates  met  the  AMS  h2^2  specification 
require.ments  and  the  mechanical  properties  were  essentially  unaffected  by 
significantly  increasing  the  grain  sire  (Subsection  8.5);  only  the  limited 
spectruiii  fatigue  life  results  showed  an  indication  of  deterioration.  All 
plates  were  HlPed,  which  reduced  the  amount  of  porosity  in  the  castings 
(Subsection  7.4,8).  Similar  to  D357-T6,  B201'T7  supplied  by  Foundry  A  had  the 
lowest  EIFS  and  longest  fatigue  lives  (Figure  41)  whicli  is  an  indication  of 
"cleaner"  material. 

Similar  to  D357-T6,  Foundry  A  showed  that  good  fatij'ue  lives  can  t)e 
achieved,  presumably  through  careful  control  of  tho.se  foundry  practices  ttiat 
can  affect  the  a.iiount  of  porosity  pre.sent  in  tiie  ca.stings. 
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11.3  APPLICABILITY  OF  MIL-A-87221  AND  MIL-A-83444  TO  I'RI'MIUM  QUALITY  CASTINCS 


Based  on  a  comparison  of  inherent  flaw  size  Weibull  distributions 
obtained  for  7050-T7451  plate  (Figure  112)  using  Northrop  IR&D  data  [15]  and 
the  verification  casting  material  (Figures  33  and  46) ,  the  inherent  flaws 
present  in  Grade  B  D357-T6  and  B201-T7  provided  by  all  three  foundries  are  an 
order  of  magnitude  greater  than  those  found  in  wrought  alujninum  alloys. 
However,  Foundry  A  material  demonstrated  significantly  longer  fatigue  lives 
than  Foundries  B  and  C  (Figures  28  and  41).  Foundry  A  D357-T6  verification 
and  Alcoa  pylon  fatigue  data  were  selected  for  developing  the  requirements  to 
be  included  in  the  proposed  new  AMS  specification  (Section  11.1.1.2)  and  are 
used  as  a  basis  for  assessing  compliance  with  the  durability  requirements  in 
MIL-A-87221. 

For  wt ought  alloys,  initial  flaw  size  assumptions  tend  to  be  based  on 
demonstrated  manufacturing  procedures;  any  inherent  material  defects  are 
overshadowed  by  flaws  that  occur  during  manufacturing  of  the  part.  However, 
castings  tend  to  have  upper  bound  defects  that  are  more  a  function  of  inherent 
material  quality  than  part  manufacture  or  aircraft  assembly  procedures.  The 
guidelines  for  durability  analysis  given  in  MIL-A-87221  require  that: 

"the  durability  analysis  should  demonstrate  that  an  assumed  initial  flaw 
in  typical  quality  structure  would  not  propagate  to  a  size  which  would 
cause  functional  impairment  in  two  lifetimes  of  the  service  usage 
spectrum  and  that,  additionally ,  it  is  unlikely  that,  by  means  of  crack 
initiation  analysis ,  fatigue  cracks  will  initiate  in  the  same  period  of 
time . " 

For  initial  design,  MIL-A-87221  defines  the  assumed  initial  flaw  size  at 
a  stress  riser  as  a  0 . 010- inch-radius  corner  flaw.  This  initial  flaw  size 
requirement  is  adequately  satisfied  by  the  upper  95  percent  confidence  limit 
determined  for  the  average  (or  "typical  quality")  EIFS  value  obtained  for  the 
Foundry  A  plates  and  the  Alcoa  pylons  selected  as  a  basis  to  develop  the 
proposed  D357-T6  specification. 


312 


OOv  X  ((x)d-T) 


Note:  Weibull  Mean  (A)  of  the  Sudden  Death  Data 

Clusters  About  the  99%  Probability  Level 
of  the  General  Papulation  (B) .  The  Maximum 
Expected  Flaw  (99.9%  Probability  With  95% 
Confidence)  is  Indicated  by  Point  (C) 


Figure  112.  Weibull  Distribution  of  7050-17451  Plate  FIFS  Data 
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The  requirements  of  MIL  A-87221  are  thus  satisfied  for  specification- 
controlled  premium  quality  castings  by  conducting  a  standard  crack  growth 
analysis  from  an  initial  flaw  of  0.010  inch  to  a  size  that  is  a.ssuined  to  rau.se 
functional  impairment. 

MIL-A- 87221  indicates  that  reductions  in  the  initial  flaw  size 
assumptions  used  for  both  durability  and  damage  tolerance  analyses  may  be 
negotiated  when  certain  fatigue  improvement  techniques  or  assembly  procedures 
are  used.  However,  reductions  in  initial  flaw  size  assumptions  are  not 
proposed  for  premium  quality  castings.  This  is  because  initial  flaw  sizes  are 
primarily  a  function  of  inherent  material  quality  rather  than  subsequent  part 
manufacturing  methods. 

The  equivalent  initial  flaw  size  for  D357-T6  and  B201-T7  verification 
plates  (Subsections  7.3.6  and  7.4.7)  was  less  than  the  MIL-A- 83444  damage 
tolerance  value  (0.05  inch).  Thus,  the  requirements  of  MIL-A-83444  can  be 
applied  without  modification,  However,  because  the  flaws  are  inherently 
associated  with  the  casting  process,  the  possibility  of  negotiating  a 
reduction  in  the  0.05  inch  requirement  based  on  demonstrated  improvements  in 
subsequent  manufacturing  quality  (e.g.,  machining)  should  not  be  considered. 

Any  application  of  durability  and  damage  tolerance  requirements  also 
requires  that  demonstrated  lives  and  crack  growth  trends  can  be  accurately 
predicted  by  analytical  techniques  and  that  the  material  behaves  in  a 
consistent  manner.  It  has  been  demonstrated  that  the  data  spread  for  D357-T6 
premium  quality  castings  was  within  the  bounds  normally  expected  for  this  type 
of  testing  and  that  the  results  can  be  estimated  via  the  Northrop  unified  life 
prediction  method  [13]. 


314 


SECTION  12 

SUMMARY  OF  DADTAC  PROGRAM  CONCLUSIONS 


Conclusions  and/or  recommendations  are  listed  ut  the  end  of  each  of  the 
major  sections  of  this  report.  The  main  conclusions  are  summarized  below. 

For  further  details,  refer  to  the  appropriate  section. 

12.1  PHASE  I,  TASK  1  -  NDI  ASSESSMENT 

1.  The  FAI  NDI  method  provides  a  qualitative  correlation  with  X-ray 
grades,  particularly  for  castings  that  contain  gas  porosity.  Part 
of  the  scatter  in  the  FAI  results  can  be  explained  by  a  wide 
variation  of  the  number  of  defects  observed  in  the  radiographs  of 
Grade  B  material.  Further  development  is  needed  before  data  for 
foreign  material  can  be  correlated  with  X-ray  results 

2.  The  eddy  current  technique  can  be  used  to  detect  the  presence  of 
cracks  under  fasteners  in  castings,  and  to  determine  crack  length. 

12.2  PHASE  I,  TASK  2  -  SCREENING  TESTS 

1.  The  inclusion  of  a  silicon  modifier  in  D357-T6  improves  mechanical 
properties,  particularly  ductility  and  toughnes.s 

2.  The  requirements  for  optimizing  the  DADT  and  tensile  properties  of 
D357-T6  and  B201-T7  do  not  conflict. 

12.3  PHASE  I,  TASK  2  -  PROPERTY  VERIFICATION 

1.  D357-T6  and  B201-T7  made  according  to  the  modified  AMS  4241  and 

4242  specifications,  respectively,  had  inherent  material  equivalent 
initial  flaw  sizes  that  are  les.s  than  the  value  currently  assumed 
(0.050  inch)  for  standard  damage  tolerance  analysis.  Therefore, 
D357-T6  and  B201-T7  can  be  considered  for  damage  tolerance 
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applications  based  on  the  existing  requirements  of  MIL-A-834A4  and 
MIL-A-87221. 

12.4  PHASE  I,  TASK  3  -  EFFECT  OF  DEFECTS 

1.  Increased  soundness  resulted  In  an  improvement  in  the  overall 
balance  of  mechanical  properties  of  D357-T6.  The  be.st  properties 
were  observed  for  Grade  A/B,  essentially  defect-free,  and  weld 
material  (also  Grade  A/B).  The  effect  of  soundness  was 
particularly  noticeable  for  fatigue  life  (K^-  -  1.0).  The  fatigue 
crack  growth  rate  was  insensitive  to  soundness. 

2.  A  nonoptimum  (coarse)  microstructure  significantly  reduced  the 
mechanical  properties  of  D357-T6,  but  had  little  effect  on  HIPed 
B2C1-T7. 

12.5  PHASE  II  -  CASTINGS  QUALIFY  VERIFICATION 

1.  The  cast  plate  technology  evaluated  in  Phase  I  can  be  successfully 
scaled  up  to  make  large,  complex- shaped,  aircraft  castings. 

12.6  PHASE  III  -  DATA  CONSOLIDATION 

1.  The  durability  and  damage  tolerance  test  data  indicated  that  the 
D357-T6  results  are  consistent  and  predictable  for  the  spectrum 
severities  that  would  normally  be  encountered  for  its  usage 

2.  The  durability  requirements  of  KIL-A-87221  were  met  by  D357-T6 
(Foundry  A  plates  and  Alcoa  pylons)  and  B201-T7  (combined 
verification  data  from  all  three  foundries) 

3.  A  new  D357  specification  should  be  introduced  for  durability  and 
damage  tolerance  aircraft  applications.  The  specification  should 
be  based  on  AMS  4241  and  include  requirements  for  fatigue  life, 
fracture  toughness,  and  dendrite  arm  spacing.  A  draft 
specification  is  included  in  Appendix  J.  The  specification  varies 
from  AMS  4241  as  follows: 
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a)  Requirements  for  fatiguee  life  and  fracture  toughness  are 
included . 

b)  A  maximum  DAS  of  0.0020  inch  in  the  designated  areas  of  the 
casting  should  be  achieved. 


A.  AMS  A242  (B201-T7)  should  include  a  provision  for  HIPing  to  reduce 
the  amount  of  microshrinkage . 
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SECTION  13 

SPECIAL  CONSIDERATIONS 


Hie  technology  developed  under  the  DADTAC  contract  will  not  require  the 
development  of  any  environmental  regulations  or  other  special  considerations 
from  the  standpoint  of  potential  future  scale-up  to  production  quantities. 

All  recommended  specification  changes  are  within  the  scope  of  current 
technology.  Both  Na  and  Sr  can  readily  be  used  as  silicon  modifiers  for  D357, 
and  HIPing  is  standard  technology  and  can  be  applied  to  D357  or  B201  without 
problem. 
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APPENDIX  A 


PHASE  I,  TASK  2 

D357-T6  SCREENING  TEST  DATA 
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TABLE  Al.  EFFECT  OF  PROCESS  VARIABLES  ON  TH’^  ULTIMATE  TENSILE 
STRENGTH  OF  D357-T6  WITHIN  COMPOSITION  SPECIFICATION 


COMPOSITION^ 

AGE 

SLOW  SOLIDIHCATION^ 

E  STRENGTH  Ocsi') 

AGE 

EAST  SOLIDIFIC 

ATION^ 

AVERAGE 

315F/12HR  335F/6HR 

315F/12HR  335F/6HR 

0.19Ti-0.10Mn-0.053Be 

51.8 

52.5 

52.6 

54.0 

49.0 

48.1 

49.8 

52.7 

Average, 

50.4 

50.3 

51.2 

53.4 

51.3 

O.07Ti-0.OOMn-O.O4Be 

48.5 

52.5 

48.6 

55.1 

49.6 

51.1 

J9.6 

53.2 

Average 

49.0 

51.8 

49.1 

54.2 

51.0 

0.60Mg 

50.8 

53.3 

52.3 

54.7 

48.6 

50.4 

51.8 

.54.5 

Average 

49.7 

51.8 

52.0 

54.6 

52.0 

O.-^Mg 

52.3 

52.8 

54.0 

55.4 

49.2 

51.4 

53.1 

54.2 

48.8 

_ 

_ 

52.6 

Average 

50.1 

52.1 

53,5 

54.1 

52.5 

7.41Si 

50.8 

52.5 

53.4 

54.7 

48.3 

50.3 

48.5 

48.8 

Average 

49.5 

51.4 

51.0 

51.8 

50.9 

6.53Si 

51.5 

54.2 

54.0 

54.3 

50.8 

52.3 

49.3 

50.8 

47.2 

— 

- 

49.1 

Average 

49.8 

53.2 

51.6 

51.4 

51.5 

0.1 8Fc 

50.6 

51.7 

54.1 

54.6 

49.5 

50.7 

50.4 

49.4 

Average 

50.0 

51.2 

52,2 

52.0 

51,4 

O.OOSr 

50.9 

51.7 

53.6 

53.9 

48.3 

50.8 

51.4 

51.5 

Average 

49.6 

51.2 

52.5 

52,7 

51.5 

Nominal 

51.4 

48.6 

51.0 

49.6 

51.5 

50.4 

50.4 

53.2 

Average 

51.5 

49.5 

30.7 

51.4 

50.8 

Average 

50.0 

51  4 

51.5 

52.8 

51.4 

I't  Other  dements;  mid-range  ol  the  specification 

2)  Fe  chill;  1440F  pour  temperature 

3)  Cu  chill;  1380F  pour  temperature 
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TABLE  A2.  EFFECT  OF  PROCESS  VARIABL-ES  ON  THE  ULTIMATE  TENSILE 
STRENGTH  OF  D357-T6  OUTSIDE  COMPOSITION  SPECIFICATION 


composition! 

ULTIMATE  TENSILE  STRENGTH  (ks\) 

AGE  AGE 

SLgW  ^OLIPFICATION^  FAST  SOLIDIFICATION^ 
315F./12HR  335F/6HR  315F/12HR  335F/6HR 

AVERAGE 

0.4  5Mg 

51.0 

51.8 

51.0 

47.5 

50.2 

51.8 

50.0 

50.6 

Average 

50.6 

51.8 

50.5 

49.0 

50.5 

O.OOTi 

50.5 

47.9 

51.6 

51.0 

51.4 

49.9 

52.4 

52.1 

Average 

51.0 

48.9 

52.0 

51.5 

50.9 

0.027Fe-0.0005Be 

52.2 

51.2 

52.8 

50.6 

52.9 

52.3 

45.3 

54.0 

Average 

52.5 

51.8 

49.0 

52.3 

51.4 

Average 

51.4 

50.8 

50.0 

51.5 

50.9 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1440F  pour  temperature 

3)  Cu  chill;  1380F  temperature 
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TABLE  A3.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  YIELD  STRENGTH  OF 
D357-T6  WmnN  COMPOSITION  SPECIFICATION 


YIELD  STRENGTH  Iksi'l 

AGE  AGE 

composition!  slow  SOLIDIF!CATiON2  FAST  SOLIDIFirATTON3 

3I5F/12HR  335F/6HR  315r/12HR  335F/6HR 

AVERAGE 

0.1‘'Ti-0.10Mn-0.053Be 

41.8 

43.9 

41.8 

44.4 

42,5 

43.4 

41.7 

44.5 

Average 

42.1 

43.6 

41.8 

44.5 

43.0 

O.07Ti-0.0OMn-O.O4Bc 

42,1 

44.1 

41.5 

45.3 

41.fi 

43.5 

41.8 

44.0 

Average 

41.9 

43.8 

41.6 

44.6 

43.0 

0.60Mg 

40.7 

44.6 

42.8 

45,4 

41.6 

44.7 

43.3 

46.0 

Average 

41.2 

44.7 

43.1 

45.7 

43.7 

0.56Mg 

42.6 

44.3 

43.2 

46.5 

41.2 

43.5 

42.4 

45.4 

42.2 

- 

45.5 

Avenige 

42.0 

43.9 

42.8 

45.8 

43.6 

7.4lSi 

42.2 

44.9 

41.8 

44.3 

41.6 

44.1 

41.7 

43.8 

Average 

41.9 

44.5 

41.8 

44.0 

43.0 

6..S3Si 

42.1 

44.6 

42.5 

44.8 

41.5 

44.7 

41.4 

43.5 

41.1 

- 

- 

43.0 

Average 

41.6 

44.7 

42,0 

43.8 

43.0 

(),18Fc 

42.9 

45.3 

44,0 

44.6 

42.6 

45.2 

42,6 

45.5 

Average 

42.8 

45.2 

43.3 

45.0 

44.1 

O.OOSr 

42.5 

45.5 

42.5 

44.3 

42.5 

45.5 

43.5 

44,4 

Average 

42.5 

45.5 

43,0 

44.3 

43.8 

Noiiiinal 

41,9 

42.1 

41.4 

44.4 

43.8 

42.6 

41.8 

45.8 

Average 

42.8 

42.4 

41.6 

45.1 

43.0 

Average 

42.1 

44.2 

B 

44.8 

43.4 

1 1  Oilier  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1440F  pour  temperature 

3)  Cu  chill;  13X()F  pour  temperature 


TABL.E  A4.  EFFECT  OF  PROCESS  VARIABLES  ON  YIELD  STRENGTH  OF 
D357-T6  OUl  SIDE  COMPOSITION  SPECIFICATION 


mLg.SlR£M.amikai} 


AGE  AGE 

composition!  slow  SQLIDinCATION^  FAST  SOLIDinCATIOlJ^  AVERAGE 


315F/12HR 

335F/6HR 

315F/12HR 

335F/6HR 

0.45Mg 

40.8 

43.2 

39.0 

40.7 

39.4 

42.4 

38.8 

41.4 

Average 

40.1 

42.8 

38.9 

41.0 

40.7 

O.OOTi 

41.5 

41.2 

42.2 

43.1 

42.1 

42.4 

41.9 

43.3 

Average 

41.8 

41.8 

42.0 

43.2 

42.2 

0.027Fe-0.0005Be 

42.7 

45.2 

43.6 

43.9 

42.9 

44.6 

41.9 

44.9 

Average 

42.8 

44.9 

42.8 

44.4 

43.7 

Average 

41.6 

43.2 

41.2 

42,9 

42.2 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1440F  pour  temperature 

3)  Cu  chill;  1380F  temperature 
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TABLE  A5.  EFFECT  OF  PR(X:ESS  VARIABLES  ON  THE  El.ONGATION 
OF  D357-T6  WH  HIN  C0MP0SIT:0N  SPECIFICATION 


AGE 


composition! 


AGE 


AVERAGE 


315F/12HR 

.335F/6HR 

31.5F/12HR 

335F/6HR 

0.19Ti-0.10Mn-0.053Be 

7.5 

8.5 

8.5 

3.0 

1.5 

4.5 

5.0 

Average 

5.2 

1.5 

6,5 

6.8 

5.0 

0,07Ti-O.0OMn-y.C4Be 

3.5 

5.5 

3.0 

12.0 

4.5 

4.5 

4.0 

6.5 

Average 

4.0 

5.0 

3.5 

9.2 

5.4 

0.60Mg 

6.0 

6.0 

7.0 

7.5 

3.0 

2.5 

5.0 

6.5 

Average 

4.5 

4.2 

6.0 

7.0 

5.4 

0.56Mg 

6.5 

6.0 

10.5 

8.0 

4.0 

5.0 

8.5 

7.0 

3.4 

- 

- 

5.9 

Average 

4.6 

5.5 

9.5 

7.0 

6.7 

7.41Si 

5.0 

3.5 

10.5 

9.0 

3.0 

3.0 

3.0 

1.5 

Average 

4.0 

3.2 

6.8 

5.2 

4.8 

6.53Si 

6.0 

7.0 

13.5 

9.5 

6.0 

5.0 

4.5 

4.0 

3.2 

- 

- 

3.7 

Average 

5.1 

6.0 

9.0 

5.7 

6.5 

0.1 8Fe 

3.5 

3.5 

7.0 

9.5 

3.0 

2.5 

3.5 

1.0 

Average 

3.2 

3.0 

5.2 

5.2 

4.2 

O.OOSr 

3.. I 

2.0 

8.0 

6.0 

l.:5 

1.5 

3.0 

2.5 

Average 

2.5 

1.8 

5.5 

4.2 

3.5 

Nominal 

68 

3.1 

5.7 

2.0 

4.9 

5.1 

4.9 

5.3 

Average 

5.8 

4.1 

5.3 

3.6 

4.7 

Average 

n 

3.8 

6.4 

6.0 

5.1 

1 )  Other  elements;  rnid- range  of  the  specification 

2)  Fe  chill;  1440F  pour  temperature 

3)  Cu  chill;  1380F  pour  temperature 
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TABLE  A6.  EFFECr  OF  PROCESS  VARIABLES  ON  f-LONCJ  A  TION  OI' 
D357-T6  OUTSIDE  COMPOSITION  SPECIMCA  ■  ION 


ELONGATION  (%. 


c:ompo.sition’ 


315F/12HR  333F/6HR 


AGE 


315F/12HR  335F/6HR 


AVERAGE 


0.45Mg 

11.5 

6,1 

14,4 

4.3 

10.8 

9.1 

12.8 

8.4 

Average 

11.2 

7.6 

13.6 

6.3 

9.7 

O.OOTi 

5.2 

2.7 

6.3 

5.9 

6.7 

3.8 

8.0 

7.4 

Average 

6.0 

3.2 

7.2 

6.7 

5.8 

0.027Fe-0.0005Be 

10.9 

5.2 

11.4 

2.8 

11.0 

8.4 

8.7 

8.4 

Average 

10.9 

6.8 

10.1 

5.6 

8.3 

Average 

■■ 

5.9 

10.3 

6.2 

7.9 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1440F  pour  temperature 

3)  Cu  chill;  1380F  temperature 
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TABLE  A7.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  NOTCHED  TENSILE 
STRENGTH  OF  r:)357~T6  WITHIN  COMPOSITION  SPE:CIFICATION 


COMPOSITICiN^ 


AGE  AGE 

SLOW  SOLIDIFICATION^  FAST  SOLIDIFICATION^  AVERAGE 

315F/12HR  335F/6HR  315F/12HR  335F/6HR 


0.!9Ti-0.10Mn-0,053Bc 

52,2 

48.7 

56.4 

56.6 

51.6 

48.0 

55,7 

57.2 

Average 

51,9 

48.4 

56.0 

56.9 

53.3 

0.07Ti-0.00Mn-0.()4Bc 

56.7 

55.0 

55.5 

57.9 

54.7 

52.3 

.54.9 

59.9 

Average 

55,7 

53.6 

55.2 

58.9 

55.9 

0.60Mg 

51.5 

53.1 

56.4 

57.4 

51.8 

54.6 

55.7 

56.4 

Average 

51.6 

53.9 

56.0 

56.9 

54.6 

().56Mg 

48.9 

51.6 

58.1 

59.4 

48.7 

57.2 

57.2 

56.8 

Ave/age 

48.8 

54.4 

57.7 

5.81 

54.7 

7.41Si 

50.6 

52.5 

52.7 

49.4 

51.6 

52.0 

53.3 

50.6 

A  /crage 

51.1 

52.2 

53.0 

50.0 

51.6 

6.53Si 

49.4 

48.8 

55.3 

56.3 

48.1 

52.9 

55.1 

55.6 

Average 

48.8 

50.8 

55.2 

56.0 

52.7 

0.1 8Fc 

53.3 

47.8 

53.8 

50.5 

52.4 

49.5 

53.8 

54.1 

Average 

52.8 

48.6 

53,8 

52.3 

51.9 

O.OOSr 

53.2 

42,2 

44.4 

42.9 

43.2 

43.1 

47.5 

45.9 

Average 

43.2 

42.7 

46.0 

44.4 

44.1 

Nominal 

56.8 

52.6 

55.8 

51.9 

55.0 

52.1 

55.9 

47.7 

Average 

55.9 

52.4 

55.8 

49,8 

53.5 

Average 

51.1 

50.8 

54.3 

53.7 

52.5 

n  Other  elements;  mid-range  of  the  specification 
2  I  Fe  chill;  1 440F  pour  temperature 
3 )  Cu  chill,  1 380F  pour  temperature 
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TABLE  A8.  EFFECT  OF  PRCXTESS  VARIABLES  ON  THE  NOTCHED  I'ENSILE 

STRENGTH  OF  D357-T6  OUTSIDE  COMPOSITION  SPECIFICATION 


composition! 

hlOirCH-EP  TENSIL£iiTRENQ.TIl.(ksiil 

AGE  AGE 

SLQWJSOI  FAST  SOLIDIFICATION^ 

315F/12HR  335F/6HR  315F/12HR  335F/6HR 

AVERAGE 

0,4  5Mg 

58.7 

54.7 

55.4 

50.7 

57.4 

55  5 

56.6 

55.0 

Average 

58.0 

55.1 

56.0 

52.9 

55.5 

O.OOTi 

53.1 

46.4 

52.5 

53.5 

52.6 

43.4 

49.9 

54.7 

Average 

52.9 

44.9 

51,2 

54,1 

50.8 

0.027Fc-0.0005Be 

61.7 

56.3 

57.7 

53,6 

60.6 

57.8 

57.4 

57.5 

Avei-agc 

61.2 

57.0 

57,5 

58.0 

58.5 

Average 

57.4 

52.4 

54.9 

55.0 

54.9 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1440F  pour  temperature 

3)  Cu  chill;  1380F  temperature 


TABLE  A9.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  NTSATYS  RATIO  OF 
D357-T6  WITHIN  COMPOSITION  SPECIFICATION 


NTSfTYS 

AGE 

composition!  si  ow  solidification^ 

315F/12HR  335F/6HR 

LRAII.Q 

AGE 

FAST  SDLIPIFICAIIQN^ 
315F/12HR  335F/6HR 

AVERAGE 

().l9Ti-0.I()Mn-0.053Bc 

1.25 

1.11 

1.35 

1.27 

1.21 

1.11 

1.34 

1.29 

Average 

1.23 

1.11 

1.34 

1.28 

1.24 

0.07Ti-0.00Mn-0.(MBc 

1.35 

1.25 

1.34 

1.28 

1.31 

1.20 

1.31 

1.36 

Average 

1.33 

1.22 

1.33 

1.32 

1.30 

0.60Mg 

1.27 

1.19 

1.31 

1.26 

1.25 

1.22 

1.29 

1.23 

Average 

1.26 

1.21 

1.30 

1.25 

1.25 

0.56Mg 

1.15 

1.16 

1.34 

1.28 

1.18 

1.31 

1.35 

1.25 

Average 

1.16 

1.24 

1.35 

1.26 

1.25 

7.4ISi 

1.20 

1.17 

1.26 

1.12 

1.24 

1.18 

1.28 

1.16 

Average 

1.22 

1.17 

1.27 

1.14 

1.20 

6,53Si 

1.17 

1.09 

1.30 

1.26 

1.16 

1.18 

1.33 

1.28 

Average 

1.17 

1.14 

1.32 

1.27 

1.22 

0.1 8Fc 

1.24 

1.06 

1.22 

1.13 

1.23 

1.10 

1.26 

1.19 

Average 

1.24 

1.08 

1.24 

1.16 

1.18 

O.OOSr 

1.02 

0.93 

1.04 

0.97 

1.02 

0.95 

1.09 

1.03 

Average 

1.02 

0.94 

1.07 

1.00 

1.01 

Nominal 

1.36 

1.25 

1.35 

1.17 

1.26 

1.22 

1.34 

1.04 

Average 

1.31 

1.24 

1.34 

1.11 

1.25 

Average 

1.21 

1.15 

1.28 

1.20 

1.21 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1440F  pour  temperature 

3)  Cu  chill;  1380F  pour  temperature 
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TABLE  AlO.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  NTS/TYS  RATIO  OF 
D357-T6  OUTSIDE  COMPOSITION  SPECIFICATION 


composition! 

NTSA-YS  RATIO 

AGE  AGE 

SLOW  SOLIDIFICATION^  FAST  SOLIDIFICAnON^ 
315F/12HR  335F/6HR  315F/12HR  335F/6HR 

AVERAGE 

0,45Mg 

1.44 

1.27 

1.42 

1.25 

1.46 

1.31 

1.46 

1.33 

Average 

1.45 

1.29 

1.44 

1.29 

1.37 

O.OOTi 

1.28 

1.13 

1.24 

1.24 

1.25 

1.02 

1.19 

1.26 

Average 

1.26 

1.07 

1.22 

1.25 

1.20 

0.027Fe-0.0005Be 

1.44 

1.25 

1.32 

1.33 

1.41 

1.30 

1.37 

1.28 

Average 

1.43 

1.27 

1.35 

1.31 

1..34 

Average 

1.38 

1.21 

1.33 

1.28 

1.30 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1440F  pour  temperature 

3)  Cu  chill;  1380F  temperature 
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TABLE  A 1 1.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  FATIGUE  LIFE  OF 
D357-T6  WITHIN  COMPOSITION  SPECIFICATION 


composition’ 

FATIGUE  LIFE  (CYCLES  TO  FAILURE)* 

AGE  AGE 

SLOW  SOLIDIFICATION^  FAST  SOLIDIFICATION^ 
3I5F/I2HR  335F/6HR  315F/12HR  335F/6HR 

AVERAGE 

0.19Ti-0.10Mn-0.053Be 

135809 

131993 

266713 

248401 

70317 

81367 

110664 

199227 

— 

— 

244896 

Log  Avcrcgc 

97722 

103633 

193349 

222459 

149223 

0.()7Ti-0.00Mn-0.04Bc 

134390 

95497 

157622 

129575 

210300 

195147 

168357 

307069 

Log  Average 

169113 

136513 

162901 

199470 

165251 

0.60Mg 

91589 

138636 

612997 

414731 

66727 

74555 

227710 

73997 

— 

— 

- 

146970 

Log  Average 

78175 

101666 

373611 

164884 

150463 

0.56Mg 

147835 

84636 

573030 

634933 

142523 

87737 

671856 

431329 

Log  Average 

145154 

86172 

620478 

523321 

252449 

7.4ISi 

55629 

90454 

61153 

43679 

77129 

38451 

209015 

76517 

.. 

125333 

- 

Log  Average 

65502 

58974 

117009 

57811 

75519 

6,53Si 

106671 

183851 

100145 

69402 

83548 

93809 

106207 

121013 

Log  Average 

94404 

131327 

103131 

91643 

104042 

O.lSFe 

67594 

80450 

73759 

304864 

71749 

88287 

158423 

402408 

— 

- 

91485 

Log  Average 

69640 

84277 

102249 

350256 

118240 

O.OOSr 

41127 

60504 

56235 

103076 

67121 

92936 

164092 

60872 

— 

— 

1019540 

- 

- 

100518 

- 

Log  Average 

52540 

74986 

175362 

79224 

99183 

Nominal 

66881 

61351 

40848 

48123 

47787 

71954 

39361 

39762 

Log  Average 

56533 

66441 

40097 

43743 

50663 

Log  Average 

85275 

90396 

156214 

143842 

117354 

*  Specimen  with  a  hole;  Kt=2.42,  20  ksi  net  maximum  stress 


1 )  Otlier  elements;  mid-range  of  the  specification 

2)  Fe  chill;  144GF  pour  temperature 

3)  Cu  chill;  1380F  pour  temperature 
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TABLE  A12.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  FATIGUE:  IJEE  OF 
D357-T6  OU'l’SIDE  COMPOSITION  SPECIFICATION 


COMPOSITION  1 

EAILaUEJJELfCmESTamiLJJSIill 

AGE  AGE 

SLOW  SOLIDIFICATION^  FAST  SOLIDIFICATION^ 

AVERAGE 

315F/12HR 

335F/6HR 

315F/12HR 

335F/6HR 

0.45Mg 

77984 

53464 

83258 

61960 

77769 

64874 

92214 

49888 

Log  Average 

77876 

58893 

87621 

55597 

68751 

O.OOTi 

81977 

71298 

42198 

■7489] 

74162 

41332 

74501 

67000 

Log  Average 

77971 

54285 

56069 

70835 

64032 

0.027Fe-0.0005Be 

73279 

62341 

46169 

52650 

91157 

85196 

60064 

54739 

Log  Average 

81730 

72878 

52660 

53684 

64058 

Log  Average 

79172 

61533 

63719 

59573 

65577 

*  Specimen  with  a  hole;  Kt=2.42, 20  ksi  net  maximum  stress 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1440F  pour  temperature 

3)  Cu  chill;  1380F  temperature 
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APPENDIX  B 
PHASE  I,  TASK  2 

B201-T7  SCREENING  TEST  DATA 


m 


TABLE  ni.  EFFECT  OF  PROCESS  VARIABLES  ON  TOE  ULTIMATE  TENSILE 
STRENGTH  OF  B201-T7  WITHIN  COMPOSITION  SPECIFICATION 


composition! 

ULTIMATE  TENSILE  STRENGTH  tksi) 

AGE  AGE 

SLOW  SOLIDIHCATION^  FAS  T  SOLIDinCATIOhP 
360F/8HR  38CF/5HR  .3f>()F/8HR  380F/5HR 

AVERAGE 

().35Ti-0.43Mn 

65.7 

63.4 

63.5 

62.5 

62.9 

59.4 

66.4 

62.3 

Average 

64.3 

61.4 

65.0 

62.4 

63.3 

().19Ti-0.24Mn 

65.5 

65.1 

66.1 

64.2 

67.4 

66.1 

66.1 

66.3 

Average 

66.5 

65.6 

66.1 

65.2 

65.8 

4.95Cu-0.98Ag-0.32Mg 

70.9 

68.6 

69.0 

69.9 

69.3 

70.1 

70.5 

68.5 

Average 

70.1 

69.3 

69.8 

69.2 

69.6 

4.65Cu-0.57Ag-0.26Mg 

64.4 

65.4 

64.4 

65.4 

66.1 

63.9 

65.8 

62.1 

Average 

65.2 

64.7 

65.1 

63.8 

64.7 

0.()41Fe-0.043Si 

64.1 

58.0 

64.8 

60.8 

64.9 

61.9 

63.8 

59.9 

Average 

64.5 

60.0 

64.3 

60.3 

62.3 

Nominal 

57.9 

58.3 

72.0 

70.8 

62.9 

61.0 

70.5 

68.3 

Average 

60.4 

59.6 

71.2 

69.5 

65.2 

Average 

6.52 

63.4 

66.9 

65.1 

65.1 

1 )  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  1350F  pour  temperature 
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TABLE  B2.  EXPECT  OF  PROCESS  VARIABLES  ON  THE  ULTIMATE  TENSILE 
STRENGTH  OF  B201  -T/  OUTSIDE  COMPOSHTON  SPECIFICATION 


AGE  AGE 

composition!  slowsolidification^  fastsqlipification^  average 

360F/'8HR  380F/5HR  360F/8HR  380F/5HR 


0.052Ti 

68.1 

66.4 

69.1 

66.7 

69.1 

67.9 

69.0 

68.4 

Average 

68.6 

67.2 

69.0 

67.6 

68.1 

5.25Cu-1.45Ag-0.43Mg 

77.8 

76.1 

78.0 

75.5 

71.0 

72.0 

76.9 

76.4 

Ayia^ige 

74.4 

74.0 

77.5 

76.0 

75.5 

Average 

m 

70.6 

73.2 

71.8 

71.8 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  1350F  temperature 
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TABLE  B3.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  YIELD  STRENGTH  OF 
B201-T7  WITHIN  COMPOSITION  SPECMCATION 


composition! 

AGE 

SLOW  SOLIDIFICATION^ 

■NOTH  (k.sil 

AGE 

FAST  S0LIDIHCATI0n3 

AVERAGE 

360F/8HR 

380F/5HR 

360F/8KR 

380F/5HR 

0.35Ti-0.43Mn 

58.7 

56.0 

57.0 

54.8 

59.6 

56.3 

60.1 

57.3 

Average 

59.2 

56.1 

58.5 

56.0 

57.5 

0.I9Ti-0.24Mn 

60.1 

59.3 

60.1 

57.9 

61.9 

60.4 

60.5 

60.2 

Average 

61.0 

59.8 

60.3 

59.0 

60.0 

4.95Cu-0.98Ag-0.32Mg 

66.1 

62.6 

62.9 

64.0 

63.6 

64.3 

64.7 

62.4 

Average 

64.8 

63.5 

63.8 

63.2 

63.8 

4,65Cu-0.57Ag-0.26Mg 

57.4 

58.2 

57.0 

58.0 

59.7 

56.5 

59.2 

54.7 

Average 

58.5 

57.4 

58.1 

56.4 

57.6 

0.041Fc-0.()43Si 

59.1 

55.7 

59.7 

54.2 

59.0 

55.4 

57.7 

56.9 

Average 

59.0 

55,5 

58.7 

55.5 

57.2 

Nominal 

57.3 

57.2 

65.4 

63.3 

62.1 

59.4 

59.9 

60.8 

Average 

59.7 

58-3 

62.7 

62.0 

60.7 

Average 

60.4 

58.4 

60.4 

58.7 

59.5 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  1350F  pour  temperature 
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TABLE  B4.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  YIELD  STRENGTH  OF 
B201-n  OUTSIDE  COMPOSITION  SPECIFICATION 


composition! 

YIELD  STR 

AGE 

LENGTH  tksn 

AGE 

FAST  SOLIDIFICATION^ 

AVERAGE 

360F/SHR 

380F/5HR 

360F/8HR 

380F/5HR 

0.052Ti 

63.5 

61.7 

64.0 

61.8 

64.4 

63.1 

64.2 

63.2 

Average 

64.0 

62.4 

64.1 

62.5 

63.2 

5.25Cu-1.45Ag-0.43Mg 

74.0 

70.8 

73.1 

69.4 

71.0 

69.4 

71.7 

70.3 

Average 

72.5 

70.1 

72.4 

69.8 

71.2 

Average 

68.2 

66.2 

68.2 

66.2 

67.2 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  I450F  pour  temperature 

3)  Cu  chill;  1350F  temperature 


TABLE  B5.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  ELONGATION  OF 
P201  T7  WrrHlN  COMPOSITION  SPECIFICATION 


9 

composition' 

ELQtffiA 

AGE 

SLOW  SQLlDlFICATIQiS^ 
360F/8HR  380r/5HR 

HON  (%) 

AGE 

FAST  SOLIDIFICATION^ 
360F/8HR  380F/5HR 

AVERAGE 

0.35Ti-0.43Mn 

11.3 

7.5 

12.0 

1.3 

3.0 

3.0 

9.4 

3.3 

Average 

7.2 

5.2 

10.7 

2.3 

6.3 

0.19Ti-0.24Mn 

6.0 

5.3 

10.7 

10.6 

6.4 

6.9 

8.6 

8.4 

Average 

6.2 

6.1 

9.6 

9.5 

7.9 

4.95Cu-0,98Ag-0.32Mg 

3.3 

6.5 

9.9 

6.8 

5  5 

5.5 

7.5 

7.8 

Average 

4.4 

6.0 

8.7 

7.3 

6.6 

4.65Cu-0,57Ag0.26Mg 

8.3 

8.5 

11.5 

8.4 

6.1 

9.0 

7.5 

11.0 

Average 

7.2 

8.8 

9,5 

9.7 

8.8 

0.041Fe-0.043Si 

4.1 

2.0 

6.3 

12.0 

10.0 

9.3 

10.9 

2.5 

Average 

7.0 

5.7 

8.6 

7.2 

7.1 

Nominal 

0  3 

0.4 

8.7 

7.8 

0.4 

0.6 

10.0 

8.7 

Average 

0.3 

0.5 

9.3 

8.2 

4.6 

Average 

6.4"* 

6.3"' 

9.4 

7.4 

6.9 

1 )  Other  elements;  mid-range  ol'  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  1350F  pour  temperature 

4)  Data  for  the  nomin  il  composition  variant  were  not  used  to  compute 

the  average  value  because  they  were  below  the  minumum  specification  value. 


TABLE  B6.  HFFECn’  OF  PROCESS  VARIABLES  ON  ELONGATION  OF  B20M7 
OUTSIDE  COMPOSITION  SPECIITCAl  ION 


ELONGATION  (%) 


COMPOSITION  1 

AGE 

SLOW  SOLIDinCATION^ 
360F/8HR  380F/5HR 

AGE 

FAST  SOLIDIFICATION- 
360F/8HR  380F/5HR 

AVERAGE 

0.052Ti 

2.9 

2.7 

3.5 

3.1 

3.2 

3.1 

3.0 

3.1 

Average 

3.0 

2.9 

3.2 

3.1 

3.1 

5.2SCu-1.45Ag-0.43Mg 

2.8 

3.8 

5.0 

6.3 

0.1 

0.9 

6.4 

4.4 

Average 

1.4 

2.4 

5.7 

5.3 

3.7 

Average 

2.2 

2.6 

4.5 

4.2 

3.4 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  135()F  temperature 


TABLE  B7.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  NOTCHED  TENSILE 
STRENGTH  OF  B201  T7  WITHIN  COMPOSITION  SPECIFICATION 


COMPOSITION* 

NOTCHED  TENSILE  STRENG1TI  fksi) 

AGE  AGE 

SLOW  SOLIDIFICATION^  FAST  SOLIDIFICATION^ 

AVERAGE 

360F/8HR 

380F/5HR 

360F/8HR 

380F/5HR 

0.35Ti-0.43Mn 

89.0 

85.2 

89.8 

86.1 

81.9 

83.3 

92.6 

89.6 

Average 

85.5 

84.2 

91  2 

87.8 

87.2 

0.l9Ti-0.24Mn 

89.1 

86.1 

91.0 

89.8 

85.5 

88.4 

92.8 

91.2 

Average 

87.3 

87.2 

91.9 

90.5 

89.2 

4.Q5Cu-0.98Ag-0.32Mg 

82.0 

84.2 

86.6 

92.9 

80.3 

83.6 

85.5 

89.8 

Avenge 

81.2 

83.9 

86.0 

91.3 

85.6 

4.65Cu-0.57Ag-0.26Mg 

82.0 

80.8 

89.5 

90.5 

84.4 

81.0 

88.5 

86.9 

Average 

83.2 

80.9 

89.0 

88.7 

85.5 

0.041Fc-0.043Si 

87.4 

80.7 

88.5 

84.1 

90.5 

67.2 

91.5 

66.3 

Average 

89.0 

74.0 

90  0 

75.2 

82.0 

Nominal 

84.9 

70.0 

97.1 

89.7 

81.7 

86.6 

97.5 

92.1 

Average 

83.3 

78.3 

97.3 

90.9 

87.5 

Average 

84.9 

81.4 

90.9 

87.4 

86.2 

1 )  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  1350F  pour  temperature 


346 


TABLE  B8.  EFFECT  OF  PROCESS  VARIABULS  ON  THE  NOTCMED  rf-NSll.E 

STRENGTH  OF  B201-T7  OUTSIDE  COMPOSITION  Sl’ECIFICATION 


COMPOSITION  1 

AGE 

si^:ivs3.2i  jmr  LCATii^^ 
360F/8HR  380F/5HR 

AGE 

AVERAGE 

0.052Ti 

74.9 

73.0 

70.5 

73.4 

74.3 

70.7 

70.9 

75.1 

Average 

74.6 

71.8 

70.7 

74.2 

72.8 

5.25Cu-I.45Ag-0.43Mg 

76.3 

80.4 

88.6 

88,0 

82.4 

75.3 

90.8 

83.1 

Average 

79.3 

77.8 

89.7 

SI'  ,5 

83,1 

Average 

77.0 

74.8 

80.2 

79.9 

78.0 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  1350F  temperature 
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TABLE  B9.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  FTrSAFYS  RATIO  OF 
B2()M7  WITHIN  COMPOSITION  SPECIFICATION 


COMTOSI  HONI 

AGE  AGE 

SLOW  SOLIDIFICATION^  FJViLT-SQLIDJEICAIiaN^ 
360F/8HR  380F75HR  360F/8HR  380F/5HR 

AVERAGE 

().35Ti-0,43M[n 

1.52 

1.52 

1.58 

1.57 

1.37 

1.48 

1.54 

1..56 

Average 

1.45 

1.50 

1.56 

1.57 

1.52 

0.19Ti-0.24Mn 

1.48 

1.45 

1.51 

1.55 

1.38 

1.46 

1.53 

1.51 

Average 

1.43 

1.46 

1.52 

1.53 

1.49 

4.9SCu-0.98Ag-0.32Mg 

1.24 

1.35 

1.38 

1.45 

1.26 

1.30 

1.32 

1.44 

Average 

1.25 

1.32 

1.35 

1.45 

1.34 

4.65Cu-0.57Ag-0.26Mg 

1.43 

1.39 

1.57 

1.56 

1.41 

1.43 

1.49 

1.59 

Avexage 

1.42 

1.41 

1.53 

1.57 

1.48 

0.041Fe-0.043Si 

1.48 

1.45 

1.48 

1.55 

1.53 

1.21 

1.59 

1.17 

Average 

1.51 

1.3.3 

1.53 

1.36 

1.43 

Nominal 

1.48 

1.22 

1.48 

1.42 

1.3i 

1.45 

1.62 

1.51 

Average 

:.40 

1.34 

1,5. i 

1.47 

1.44 

Average 

1.43 

1.40 

1.51 

1.49 

1.45 

1)  Other  elements;  mid-ninge  of  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  1350F  pour  temperature 
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TABLE  BIO.  EFFECT  OF  PROCESS  VARIABLES  ON  THE  NTSAFYS  OF  B2()1-'I7 
OUTSIDE  COMPOSITION  SPECIFICATION 


composition! 

NTS/TY 

AGE 

S^LOWSOLIDIFICATION^ 

S  RATIO 

AGE 

AVERAGE 

360F/8HR 

380F/5HR 

360F/8HR 

380F/5HR 

0.052Ti 

1.18 

1.18 

1.10 

1.19 

1.15 

1.12 

1.10 

1.19 

Average 

1.17 

1.15 

1.10 

1.19 

1.15 

5.25Cu-1.45Ag-0.43Mg 

1.03 

1.14 

1.21 

1.27 

1.16 

1.09 

1.27 

1.18 

Average 

1.09 

1.12 

1.24 

1.23 

1.17 

Average 

1.13 

1.10 

1.17 

1.21 

1.16 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  1350F  temperature 
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TABLE  B 1 1 .  EFFECT  OF  PROCESS  VARIABLES  ON  THE  FATIGUE  LIFE  OF 
B201-T7  WITHIN  COMPOSITION  SPECIFICATION 


composition! 

FATIGUE  LIFE  (CYCLES  TO  FAILURE)* 

AGE  AGE 

SLOW  SQUDIFICATION^  FAST  SOLIDIFICATION^ 

AVERAGE 

360F/8HR 

380F/5HR 

360F/8HR 

380F/5HR 

0.35Ti-0.43Mn 

118032 

144753 

159147 

475005 

177770 

197633 

113992 

162192 

Log  Average 

144853 

169138 

134690 

278179 

173968 

0.19Ti-0.24Mn 

172189 

403233 

137642 

133775 

183772 

127497 

261575 

168576 

- 

1011030 

- 

Log  Average 

177886 

373198 

189746 

150170 

222480 

4  Q5Cu-0.98Ag-0.32Mg 

147014 

119081 

119938 

134751 

167095 

34902 

130781 

127740 

— 

81132 

— 

Log  Average 

156733 

150009 

125242 

131198 

141255 

4.65CU-0  57Ag-0.26Mg 

123856 

135611 

159771 

108156 

112963 

139320 

135178 

117470 

Log  Average 

118284 

137452 

146960 

112716 

128105 

().(V41Fc-0.043Si 

106883 

126074 

169080 

125960 

346870 

112366 

148472 

118180 

86411 

- 

Log  Average 

147417 

119022 

158441 

122008 

136962 

Nominal 

83649 

71734 

95457 

1743370 

161968 

69234 

54057 

76568 

Average 

116397 

70472 

71833 

365337 

121131 

Average 

142405 

159123 

132264 

173712 

151184 

*  Specimen  with  a  hole;  Kt=2.42,  25  ksi  net  maximum  stress 

1 )  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  1350F  pour  temperature 
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TABLE  B12.  EFFECT  OF  PROCESS  VARIABLES  ON  TOE  FATIGUE  LIFE  OF 
B201-T7  OUTSIDE  COMPOSITION  SPECIFICATION 


AGE  AGE 


composition! 

SLOW  SOLIl 

:7IFlCATION^ 

FAST  SOLID 

IRCATION^ 

AVERAGE 

360F/8HR 

380F/5HR 

360F/8HR 

380F/5HR 

0.052Ti 

76458 

58444 

69116 

161791 

235933 

39379 

58318 

53447 

I^g  Average 

134309 

47973 

63487 

92990 

78534 

5.25Cu-1.45Ag-0.43Mg 

91816 

86690 

166953 

53267 

72883 

32807 

66554 

115787 

Log  Average 

81803 

53329 

105410 

78534 

77521 

Log  Average 

104818 

50580 

81806 

85457 

78018 

*  Specimen  with  a  hole;  Kt=2.42,  25  ksi  net  maximum  stress 

1)  Other  elements;  mid-range  of  the  specification 

2)  Fe  chill;  1450F  pour  temperature 

3)  Cu  chill;  1350F  temperature 
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APPENDIX  C 
PHASE  I,  TASK  2 

D357-T6  VERinCAlTON  TEST  DATA 
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TABLE  Cl.  D357-T6  TENSILE  PROPERTIES-FOLINDRY  A 


QUENCH 

PLATE 

THICKNESS 

(INCH) 

PLATE 

NO. 

UTS 

(ksi) 

YS 

(ksi) 

El 

(%) 

NTS 

(ksi) 

KES 

YS 

Water 

0.75 

VlOO 

56.1 

48.3 

7.4 

61.6 

1.28 

56.1 

47.6 

8.6 

64.1 

1.35 

VlOl 

54.8 

43.9 

8.4 

63. 1 

1.44 

52.4 

44.1 

3.1 

65.0 

1.47 

V102 

55.0 

45.2 

10.0 

65.3 

1.44 

55.6 

44.2 

10.2 

65.8 

1.49 

1.^5 

VllO 

53.7 

46.7 

4.2 

58.3 

1.25 

54.4 

46.9 

5.4 

57.8 

1.23 

vin 

53.4 

44.9 

5.7 

68.0 

1.51 

53.0 

46.1 

4.9 

65.7 

1.43 

V112 

54.3 

44.9 

7.1 

65.8 

1.47 

53.0 

44.7 

5.7 

66.9 

1.50 

V113 

54.8 

44.0 

8.5 

63.2 

1.44 

53.2 

45.2 

5.7 

62.0 

1.37 

V114 

54.4 

44.1 

8.2 

61.0 

1.38 

51.2 

45.1 

3.5 

61.9 

1.37 

Glycol 

V115 

51.6 

42.3 

5.8 

57.2 

1.35 

51.1 

42.5 

5.5 

57.8 

1.36 

V116 

53.3 

43.6 

9.0 

56.7 

1.30 

52.2 

43.0 

5.6 

56.6 

1.32 

V117 

54.5 

44.4 

7.7 

58.5 

1.32 

52.9 

43.5 

6.0 

58.5 

1.34 

WQ-0.75” 

55.0 

45.6 

7.9 

64.2 

1.31 

Average 

WQ~1.25” 

53.5 

45.3 

5.9 

63.1 

1.39 

GQ-1,25” 

52.6 

43.2 

6.6 

57.6 

1.33 

Note:  WQ  =  Water  Quench 
GQ  =  Glycol  Quench 
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FABLE  C2.  D357-T6  TENSILE  PROPERTIES-FOUNDRY  B 


QUENCH 

PLATE 

THICKNESS 

(INCH) 

PLATE  NO. 

UTS 

(ksi) 

YS 

(ksi) 

El 

(%) 

NTS 

(ksi) 

NTS 

YS 

Water 

0.75 

V200 

53.1 

46.1 

4.5 

57.6 

1 .25 

53.4 

44.7 

6.2 

61.6 

1.38 

V201 

52.1 

44.5 

4.1 

68.4 

1.54 

51.1 

45.1 

2.3 

64.9 

1.44 

V202 

52.2 

44.9 

3.6 

65.4 

1.46 

51.5 

45.2 

2.4 

64.3 

1.42 

1.25 

V205 

52.8 

45.8 

4.6 

59.6 

1.30 

52.0 

44.9 

4.3 

59.8 

1.33 

V206* 

50.2 

44.5 

2.1 

63.3 

1.42 

52.0 

44.8 

4.2 

63.8 

1.42 

V207* 

50.7 

44.4 

3.0 

64.2 

1.45 

49.6 

44.2 

1.5 

62.6 

1.42 

V208* 

52.0 

45.2 

3.7 

62.2 

1.38 

50.8 

44.8 

2.3 

63.9 

1.43 

V209 

51.9 

45.1 

4.0 

60.8 

1.35 

53.1 

45.3 

5.4 

62.3 

1.38 

V210 

53.2 

45.7 

5.6 

63.1 

1.38 

51.3 

45.5 

3.0 

64.2 

1.41 

Glycol 

V211 

49.4 

41.4 

4.3 

58.4 

1.41 

48.8 

41.8 

3.3 

57.6 

1.38 

V212 

49.7 

42.2 

3.6 

57.9 

1.37 

48.8 

42.6 

2.6 

58.4 

1.37 

V213 

47.7 

41.5 

2.5 

56.0 

1.35 

48.8 

41.3 

3.9 

57.0 

1.38 

WQ-0.75” 

52.3 

45.1 

3.9 

63.7 

1.41 

Average 

WQ-L25”'** 

52.4 

45.4 

4.5 

61.6 

1.36 

WQ-L25”* 

50.9 

44.7 

2.8 

63.3 

1.42 

GQ-L25” 

48.9 

41.8 

3.4 

57.6 

1.38 

*  Plates  With  Low  Elongation;  Not  Used  for  DADT  Evaluations. 
**  Plates  Within  Specification 

Note:  WQ  -  Water  Quench 
GQ  =  Glycol  Quench 
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TABLE  C3.  D357-T6  'PENSILE  PROPERTIES-FOUNDRY  C 


QUENCH 

PI  ATF 
THICKNESS 
(INCH) 

PLATE 

NO. 

UTS 

(ksi) 

YS 

(ksi) 

El 

(%) 

NTS 

(ksi) 

NTS 

YS 

Water 

0.75 

V301 

52.7 

45.4 

4.6 

50.9 

44.5 

2.8 

— 

— 

V302 

50.2 

44.0 

2.0 

— 

— 

51.2 

45.0 

3.5 

— 

— 

1.25 

VX301 

54.3 

47.8 

5.5 

48.5 

1.02 

54.3 

47.5 

6.4 

50.0 

1.05 

VX302 

53.8 

47.2 

4.4 

46.3 

0.97 

53.6 

47.8 

3.9 

46.8 

0.99 

VX304 

53.2 

46.5 

4.3 

60.8 

1.32 

VX305 

54.5 

45.9 

8.2 

62.9 

1.36 

Glycol 

VX310 

51.2 

43.8 

4.8 

42.9 

0.99 

50.5 

43.3 

4.6 

46.6 

1.07 

VX311 

51.9 

44.2 

5.2 

43.3 

0.98 

WQ-B.75” 

51.2 

44.7 

3.2 

- 

- 

Average 

WQ-1.25” 

54.0 

47.1 

5.4 

52.5 

1.12 

GQ-1.25” 

51.2 

43.8 

4.9 

44.3 

1.01 

Note;  The  VX  Plates  Were  Replacements  for  the  First  Batch  of  Plates,  Which  Had  Very 
I^w  Ductility  and  Failed  to  Meet  the  AMS  4241  Specification. 


TABLE  C4.  D357-T6  STRESS-LIFE  SMOOTH  FATIGUE  DATA 


FOUNDRY 

QUENCH 

MEDIUM 

PLATE 

NO. 

MAXIMUM 

STRESS 

(ksi) 

CYCLES  TO 
FAILURE 

A 

Water 

Vlll 

30 

4,069,170 

Vlll 

35 

220,706 

VllO 

40 

50,158 

Vlll 

45 

50,058 

Glycol 

VL7 

10 

5.3  X  106  * 

VH5 

30 

1,474,660 

V116 

40 

50,226 

B 

Water 

V205 

10 

6  X  106  * 

VllO 

25 

223,358 

V105 

30 

213,719 

V105 

40 

25,612 

V109 

45 

13,822 

Glycol 

V113 

20 

981,685 

Vlll 

30 

254,149 

Vlll 

40 

45,287 

C 

Water 

VX301 

15 

5X  106  * 

VX301 

20 

1,569,360 

VX301 

30 

164,874 

VX301 

30 

118,740 

VX301 

40 

50,417 

Glycol 

VX311 

10 

3X  106  * 

VX310 

20 

373,642 

VX311 

20 

618,238 

VX310 

30 

123,238 

VX311 

30 

90,819 

VX310 

40 

19,697 

Note:  Kt=  1.0,  R-0.1 
*  No  Failure 


TABLE  C5.  D357-T6  NOTCHED  STRESS-LIFE  FATIGUE  DATA 


FOUNDRY 

PLATE 

NO. 

MAXIMUM 

STRESS 

(ksi) 

CYCLES  TO 
FAILURE 

A 

VllO 

10 

5  X  106  * 

VllO 

12.5 

1,312,390 

VllO 

15 

201,421 

VllO 

25 

29,302 

B 

V208 

10 

5  X  106  * 

V208 

15 

173,113 

V208 

20 

41,738 

C 

301 

10 

3  X  106  * 

304 

20 

191,190 

305 

30 

12,028 

Note:  Kt  =3.0,  R=0.1 
*  No  Failure 
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TABLE  C6.  D357-T6  STRAIN-LIFE  FATIGUE  DATA 


FOUNDRY 

PL  TE 

NO. 

LOG  SI’RAIN 
AMPLITUDE 

CYCLES  10 
FAILURE 

A 

V113 

-2.70 

1.16  X  10'' 

V114 

-2.60 

19X.539 

V112 

-2.52 

7S,83S 

V112 

-2.39 

10,477 

Vlll 

-2.30 

2.134 

V113 

-2.00 

47 

B 

V209 

-2.39 

249,199 

V205 

-2.30 

1 ,037 

V21() 

-2.09 

59 

C 

VX305 

-2.52 

24,801 

VX304 

-2.39 

3,463 

VX304 

-2.39 

25,353 

Note:  Kt  =  1.0,  R  =  -1.0, 
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J  'i  ‘■t 
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TABLE  C7.  FRACTURE  TOUGHNESS  DATA 


PLATE 

KO 

(kssvin) 

KIC 

KIV 

FOU>4DRY 

NO. 

(ksiv/in) 

(ksiVin) 

A 

V1!0 

23.2 

22.7 

Vi  11 

26.2 

26.7 

VI 15* 

21.0 

21.5 

B 

V2v05 

22.2 

23.7 

V209 

23.4 

V210 

V211  * 

26.9 

22.0 

22.4 

c: 

VX30! 

22.4 

VX302 
VX310  * 

23.4 

22.2 

VX31 1  * 

22.1 

*  Glycol  Quenched;  All  Others  Water  Quenched 


160 


1 


TABLE  C8.  DAS  VALUES  FOR  D357-T6 


FOUNDRY 

PLATE 

NO. 

DAS  (Inch  X 10-*^) 

A 

VI 10 

10 

vm 

16 

V112 

16 

VI 13 

10 

V114 

10 

VI 15* 

10 

V116* 

1 1 

V117* 

S 

B 

V205 

20 

V206 

17 

V2()7 

18 

V208 

19 

V2()9 

17 

V21() 

16 

V211* 

10 

V212* 

14 

V213* 

14 

C 

VX3()1 

10 

VX.3()2 

12 

VX310* 

13 

VX31 1* 

1 1 

Average 

13 

*  Glycol  Quenched 
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1-igurc  C4.  D357-T6  Fatigue  Crack  Growth  Rate  Data — Foundry  B  (Water  Quench) 
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figure  C5.  D357-T6  Fatigue  Crack  Growth  Rate — Foundry  B  (Water  Quench) 
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I-igure  C6.  D357-T6  Fatigue  Crack  Growth  Rate  Data — Foundry  B  (Giycol 
Quench) 
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ITgure  C8.  D357-T6  Fatigue  Crack  Growth  Rate  Data — Foundry  C  (Water  Quench) 
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Figure  C9.  D357-T6  Faiigue  Crack  Growth  Rate  Data — Foundry  C  (Glycol 
Quench) 
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APPENDIX  D 


PHASE  I,  TASK  2 

B201-T7  VERIFICATION  TEST  DATA 
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TABLE  D1 .  B201-T7  TENSILE  PROPERTIES-FOUNDRY  A 


PLATE 


THICKNESS 

PLATE 

UTS 

YS 

El 

NTS 

NTS 

(INCH) 

NO. 

(ksi) 

(ksi) 

(%) 

(ksi) 

YS 

0.75 

VI 50 

64.2 

55.6 

8.4 

89.6 

1.61 

64.5 

55.4 

8.4 

89.7 

1.62 

1.25 

V155 

65.3 

56.9 

8.4 

94.0 

1.65 

65.8 

57.5 

8.3 

91.5 

1.59 

V156 

66.6 

57.1 

8.4 

90.6 

1.59 

66.7 

57.3 

8.3 

86.2 

1.50 

V157 

65.7 

55.3 

8.4 

90.9 

1.64 

64.5 

53.7 

11.0 

88.2 

1.64 

V158 

66.0 

56.8 

8.4 

91.3 

1.61 

66,0 

57.0 

8.4 

89.2 

1.56 

Average 

0.75” 

64.3 

55.5 

8.4 

89.7 

1.62 

1.25” 

65.8 

56.5 

8.7 

90.2 

1.59 

TABLE  D2.  B201-T7  TENSILE  PROPERl’IES  -FOUNDRY  B 


PLATE 

THICKNESS 

(INCH) 

PLATE 

NO. 

UTS 

(ksi) 

YS 

(k.si) 

1 

(%) 

NTS 

(ksi) 

NTS 

YS 

0.75 

V250 

71.1 

64.4 

8.2 

93,7 

1.45 

70.0 

62.9 

1 1 .0 

92.8 

1.48 

V251 

67.5 

60. 1 

10.5 

92.3 

1.54 

68.5 

61.6 

8.9 

91.5 

1.49 

V252 

67.6 

60.3 

11.0 

92.5 

1.53 

69.1 

* 

9.0 

92.7 

★ 

V253 

67.9 

61.0 

9.2 

92.8 

1.52 

68.5 

60.9 

10.7 

90.8 

1.49 

V254 

68.7 

61.5 

10.9 

91.9 

1.49 

70.0 

63.3 

8.8 

96.6 

1.53 

1.25 

V255 

69.9 

62.7 

7.9 

83,8 

1.34 

69.4 

62.2 

8.4 

79.2 

1.27 

V256 

72.8 

65.6 

8.5 

85.7 

1.31 

7T1 

66.0 

8.0 

83.9 

1,27 

V257 

70.4 

63.3 

8.8 

84.8 

1.34 

71.3 

64.5 

8.8 

87.4 

1.36 

V258 

67.9 

60.3 

8.2 

78.5 

1.30 

68.9 

61.0 

8.0 

84.3 

1.38 

V259 

68.6 

60.9 

7.5 

79.4 

1.30 

67.7 

60.1 

7.9 

79.2 

1.32 

Average 

0.75” 

68.9 

61.9 

9.8 

92.8 

1  50 

1.25” 

70.0 

62.7 

8.2 

82.6 

1.32 

*  Extensometor  slipped  during  test  -  data  not  available 
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TABLE  D3,  B2()M7  TENSll-E  PROPERTIES-FOUNIDRY  C 


PI..A1E 

THICKNESS 

(INCH) 

PLATE 

^T). 

UTS 

(ksi) 

YS 

(ksi) 

e 

(%) 

NTS 

(ksi) 

NTS 

YS 

0.75 

v:550 

63.8 

57.8 

6.5 

90.9 

1.57 

69.2 

61.6 

7.0 

90.3 

1.47 

1.25 

V355 

66.2 

58.6 

9.3 

89.6 

1.53 

69.3 

62.0 

6.9 

91.0 

1.47 

V356 

o4.  i 

57.8 

7.0 

82.7 

1.43 

69.0 

61.5 

9.0 

89.4 

1.45 

V357 

69.8 

62.2 

9.5 

92.4 

1.49 

69.7 

62,0 

8.9 

93.7 

1.51 

V358 

64.3 

58.2 

6.5 

89.6 

1.54 

66.4 

58.5 

9.0 

91,9 

1.57 

Average 

0.75” 

66.5 

59.7 

6.8 

90.6 

1.52 

1.25” 

67.4 

60.1 

8.3 

90.0 

1.50 
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I’ABi.E  D4.  B201  ■'^n'  SMOOTH  vSTRESS  -IJFH  FA'llGUE  DATA 


FOUNDRY 

PLATE 

NO. 

STRESS 

(ksi) 

CYCIJLS  I’O 
FAILURE 

A 

V158 

20 

5  X  10^  * 

V1.55 

30 

5  X  10^  * 

V156 

40 

186,703 

V157 

45 

308,543 

B 

V255 

20 

5X  lO*"'* 

V256 

25 

368,916 

V256 

30 

27,611 

V258 

30 

11,530 

V259 

30 

31,982 

V257 

35 

168,520 

V25.5 

40 

15,971 

C 

V358 

15 

5X  10®  * 

V356 

20 

1,180,170 

V357 

20 

573,648 

V355 

30 

167,652 

Note;  Kt=  1.0,  R  ^0.1 
*  No  Failure 


TABLE  D5.  B201-T7  NOTCHED  STRESS-LIFE  FATIGUE  DATA 


FOUNDRY 

PLATE 

NO. 

STRESS 

(ksi) 

CYCLES  TO 
FAILURE 

A 

156 

25 

112,825 

158 

30 

24,998 

B 

256 

20 

3.2  X  106* 

258 

23 

237,350 

258 

27 

59,632 

C 

356 

30 

16,737 

358 

25 

209,254 

358 

20 

2.2  X  106* 

Note:  Kt  =  3.0,  R  =  0.1 
*  No  Failure 
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TABLE  D6.  B201-T7  STRAIN-LIFE  FATIGUE  DATA 


FOUNDRY 

PLATE 

NO. 

LOG  S  PRAIN 
AMPLITUDE 

CYCLE.S  TO 
FAILURE 

A 

V157 

-2.52 

90,964 

V156 

-2.39 

15,602 

V158 

-2.30 

4,659 

B 

V257 

-2.60 

93,835 

V255 

-2.52 

54,284 

V258 

-2.39 

22,785 

V259 

-2.30 

5,130 

C 

V358 

-2.70 

179,112 

V357 

-2.60 

92,570 

V356 

-2.52 

37,734 

V355 

-2.30 

3,388 

V358 

-2.09 

432 

Note:  Kt=  1.0,  R  =  -1.0 


TABLE  D7.  B201-17  FRACTURE  TOUGHNESS  DATA 


FOUNDRY 

PLATE 

NO. 

KQ 

(ksiVin) 

KIV 

(ksiVin) 

A 

VI 55 

46.0 

55.7 

VI 56 

39.4 

40.8 

B 

V255 

26.6 

27.3 

V256 

31.5 

31.1 

C 

V355 

48.8 

42.9 

V355 

40.7 

V356 

45.6 

44.4 
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['igure  Dl.  B201-T7  Fatigue  Crack  Growth  Rate  Data — Foundry  A 
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gurc  D2.  B20]  -T7  Fatigue  Crack  Growth  Rate  Data — Foundry  A 
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Figure  D3.  B201-T7  Fatigue  Crack  Growth  Rate  Data — Foundry  B 
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I'igiirc  D4.  B201-T7  Fatigue  Crack  Growth  Rate  Data — Foundry  B 
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Figure  D5.  B201-T/  F'atigue  Crack  Growth  Rate  Data — Foundry  C 
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■igiirc  D6.  0201-17  I^’atigue  Crack  Growth  Rate  Data — T'oundry  C 


APPENDIX  E 
PHASE  I  TASK  3 

D357-T6  DISCONTINUITY  ASSESSMENT 


TABLE  El.  D357-T6  TENSILE  PROPERTIES--GRADE  A/B 


GRADE 

PLAIT 

NO. 

UTS 

(ksi) 

YS 

(ksi) 

El 

(%) 

.VB 

D1 

54.7 

48.5 

4.3 

D1 

53.7 

48.6 

2,6* 

D2 

54.6 

48.1 

5.0 

D2 

54.8 

48.0 

4.5 

D3 

54.9 

48.4 

5,1 

D3 

54.5 

48.3 

4.8 

EM 

54.9 

48.1 

4.9 

IM 

54.5 

48.3 

4  3 

D5 

54.6 

48.4 

4./ 

D5 

54.5 

48.0 

4.0 

D6 

54.9 

48.5 

4,6 

IX) 

55.1 

48.7 

5.1 

D71 

53.4 

47.7 

1.8* 

D72 

53.1 

47.6 

1.5* 

Dll 

52.5 

47.5 

1.1* 

Average 

54.3 

48.2 

3.9 

Weld  Repair 

Dll 

56.2 

46.4 

8.0 

(Grade  A/T) 

D12 

53.7 

46.8 

5.0 

D14 

53.7 

47.2 

3.7 

D14 

54.1 

47.3 

3.5 

D15 

55.4 

47.6 

6.3 

D15 

54,2 

47.5 

4.0 

Average 

54.6 

47.1 

5.1 

*  Data  Not  Meeting  AMS  4241  Requirement 
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FABLE  E2.  rj;L57-T6  TENSILE  PROIM^RTIES --- C3 AS  POROSrrY 


PLATE 

UTS 

YS 

E) 

GRAi2E 

NO. 

(ksi) 

(ksi) 

(%) 

B 

D20 

51.2 

45.6 

3.6 

D20 

49.6* 

43.4 

3.5 

D23 

51,5 

45,4 

2.8* 

D24 

51.7 

46.0 

2.8* 

D3{) 

50.2 

44.3 

3.4 

D3() 

51.2 

46.2 

2.1* 

D7() 

51,6 

45.3 

4.3 

D70 

47  4* 

41  8 

4.2 

Average 

50.0 

44.8 

3.3 

C 

D31 

50.2 

44.9 

2.0* 

D33 

51.1 

45.6 

2.3* 

D40 

50.1 

43.3 

4.1 

040 

49.5* 

43.7 

3.2 

Dvl 

51  3 

45.6 

1.8* 

D41 

.'"'0.3 

45.3 

1.4* 

D43 

50.7 

45.5 

1.9* 

D43 

49.9 

45.0 

1.4* 

D50 

50.8 

45,5 

2.4* 

D50 

50.4 

45.'’, 

2.5* 

r  2 

48.5* 

44.8 

0.9* 

1 

53.0 

47.3 

1.6* 

Average 

50.4 

2.1 

D 

D54 

49.1* 

44.9 

1.3* 

D6G 

4  0  J  ^ 

HO. 

43.9 

1.4* 

D60 

48.6* 

44.1 

1.7* 

Average 

48.7 

44.3 

1.5 

*  Data  Not  Meeting  AMS  4241  Re<]uircment 


:t87 


TABLI:  E3. 

D357-T6  T!':NSILE 

propf:rties-- 

SHRINKAGE 

POROSI'I'Y 

PLATE 

UTS 

YS 

VI 

GRADE 

NO. 

(ksi) 

(ksil 

(%) 

B 

D23 

.^l.S 

46,1 

2.7* 

D24 

51.4 

45.5 

2.4* 

D.U 

49.8* 

47.6 

1.6* 

D32 

50.6 

45.1 

2.5* 

D32 

50.7 

45.4 

2.7* 

D32 

50.3 

45.5 

2.3* 

D32 

50.9 

45.6 

2.3* 

D32 

.50.6 

45.7 

1.5^ 

D32 

50. 1 

45.0 

1.5* 

D42 

53.0 

44.3 

7.9 

.Average 

50.9 

45.6 

2.7 

C 

D33 

50.9 

45.7 

2,2* 

D42 

51.3 

45.5 

3.9 

D44 

50.4 

45.2 

2.5* 

Average 

50.9 

45.5 

2.9 

*  Data  Not  Meeting  AMS  4241  Retiuirement 
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TABLE  E4.  D357-1'6  TENSILE  PROPERTIFiS  --  FOREIGN 

MATERIAL 


GRADE 

PLATE 

NO. 

UTS 

(kd) 

YS 

(ksi) 

B 

(.%) 

B 

D12 

55.4 

■■ 

n 

D14 

51.4 

D42 

54.1 

IH 

3.1 

Average 

53.6 

46.2 

4.6 

C 

D70 

45.1 

41.0 

1  2* 

D7I 

55.0 

45.9 

4.7 

D72 

51.9 

46.3 

1.2* 

Average 

50.6 

44.4 

2.4 

*  Data  Not  Meetin^j  AMS  4241  Requirement 


TABLE  E5.  D357  T6  STRESS-LIFE  FATIGUE  DATA 
— -DEFECr  FREE  MATERIAL 


GRADE 

PLATE 

NO. 

MAXIMUM 

STRESS 

(ksi) 

CYCLES  TO 
FAILURE 

Weld  Repair 

Dll 

20 

352,358 

Dll 

40 

51,899 

Dll 

45 

26,224 

D12 

30 

183,883 

D12 

15 

4X  10^  * 

D12 

40 

45,007 

D12 

20 

1,789,060 

D12 

30 

252,390 

A/B** 

D3 

20 

3X  106* 

D3 

30 

1,384,680 

D3 

30 

3  X  106  * 

D3 

35 

1,647,320 

D3 

35 

636,247 

D3 

40 

132,188 

D3 

40 

176,139 

Note:  Kt=  1.0,  R  =  0.1 
*  No  Failure 

**  Small  Test  Specimens  -  See  Text 
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TABLE  E6.  D357-'r6  STRESS-LIFE  FATIGUE  DA'FA 
—GAS  POROSITY 


GRADE  PLATE  MAXIMUM  STRESS  CYCLIiS  i’O 

NO.  (k.si)  FAILURE 


D1 

20 

4  X  lO^"’  * 

D1 

40 

86,647 

D2 

30 

507,830 

D2 

30 

224,487 

D3 

45 

84,384 

D3 

20 

4X  10^  * 

D4 

40 

75,492 

D2() 

45 

9,458 

D20 

20 

580,111 

D7() 

20 

547,523 

D7() 

40 

15,835 

D70 

30 

101,852 

D70 

45 

11,526 

D70 

25 

215,005 

D7I 

25 

140,902 

D71 

20 

773,529 

D20** 

10 

3  X  10^* 

D20** 

20 

308,660 

D20** 

20 

254,519 

D20** 

30 

78,879 

D2C** 

30 

80,806 

D20** 

40 

22,707 

D24** 

15 

601,999 

D24** 

25 

102,921 

Note:  Kt=l.(),  R  =  0.1 
*  No  Failure 

**  Small  Specimens  (See  Text) 
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I’ABLH  E6. 


D357-T6  STRFISS-LIFE  FATIGUE  DATA-GAS 
POROSITY  (CONTINUED) 


GRADE 

PLATE 

NO. 

MAXIMUM 

STRESS 

(ksi) 

CYCLES  TO 
FAILURE 

C 

D23 

20 

272.006 

D23 

10 

5  X  10^  * 

D23 

30 

55,829 

D23 

40 

16,344 

D24 

45 

9,221 

D41 

25 

111,408 

D43 

25 

138,985 

D50 

20 

285,991 

D50 

30 

65,456 

D50 

40 

15,618 

D52 

10 

5.3  X  10^  * 

D54 

15 

639,996 

D61 

35 

23,419 

D62 

35 

23,764 

D62 

45 

3,553 

D 

D43 

15 

1,220,750 

D50 

20 

325,308 

D54 

30 

31,957 

D60 

35 

15,002 

D60 

35 

1,253 

D60 

25 

103,377 

D61 

10 

5  X  10®  * 

D61 

20 

171,492 

D61 

30 

33,188 

D62 

25 

73,884 

D62 

15 

559,761 

Note;  Kt=  1.0,  R  =  0.1 
*  No  Failure 
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TABLE  E7. 


D357-T6  STRESS-IJE’E  I'ATIGUE  DAl^A 
POROSITY 


SMRINKAGl’ 


GRADE 

PLATE 

NO. 

MAXIMUM 

STRESS 

(ksi) 

CYCLE.S  ro 
E-AIl.URE 

B 

D4 

:;{) 

5  X  10^' 

r>4 

30 

970,197 

D5 

40 

273,695 

D5 

45 

52.398 

D6 

30 

214,275 

D6 

30 

788.951 

EX) 

40 

19,307 

D32 

20 

499,010 

D32 

20 

47o.l(>4 

D32 

25 

69,485 

D41 

30 

84,264 

C 

D31 

10 

5  X  lOf** 

D32 

15 

1,802,1 10 

D32 

25 

81,757 

D52 

20 

222,694 

D52 

30 

42,162 

Note:  Kt  =  1.0,  R  =  0.1 
*  No  Failure 
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I'ABLH  B8.  0357-16  STRIiSS-LII^^  DATA-  I'ORHKrN  MA  I’F.RIAL 


C.RADH 

pi..An?. 

NO. 

MAXIMUM 

STRHS.S 

(ksi) 

CYCI.HS  I'O 
FAILURF 

B 

D42 

25 

174,571 

D72 

30 

56,639 

D72 

20 

628,761 

D72 

15 

1,022,330 

D74 

20 

1,557,990 

C 

D40 

25 

148,006 

D74 

20 

490,168 

Note:  Kt  ^  1.0,  R  =  0.1 
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I’ABLE  E9.  SPECTRUM  EATIGUE  LJEE  DA1^A*  I-OR  0357-16 

CONTAINING  INTl.N'i’IONAL.LY  ADDED  DEEILCI'S 


FLIGHT 

PI.ATE 

HOURS  TO 

LCX^ 

GRADE 

DEF^ECr 

NO. 

FAILURI- 

AVFRAGI-: 

A/B 

Weld  Repair 

D14 

23,656 

D14 

44,762 

D14 

26,843 

30,519 

B 

Gas 

D5 

57,462 

Porosity 

D7() 

20,562 

34,374 

Shrinkage 

Porosity 

D65 

45,443 

45,443 

C 

Gas 

D5() 

8,351 

Porosity 

D5() 

8,562 

D40 

5,762 

D23 

6,031 

7,061 

D 

Gas 

D()0 

6,762 

Porosity 

D6() 

12,743 

D61 

5,544 

7,766 

*  F'-18  IvOwer  Wing  Root  Spectrum  (F18C2)  —  32  ksi  Gross  Maximum  Stress 
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TABLE  rnO.  D357-T6  FRACTURE  TOUGMNESS  DATA 


DEFECr/ 

GRADE 

PLATIi 

NO. 

(ksi^in) 

KIC 

(ksiVin) 

OVERALL 

AVERAGE 

Dcfcct-F-rce 

A/Ii 

D3 

29.3 

D4 

26.2 

D70 

26.9 

27.5 

Weld  Repair 

Dll 

36.2 

D12 

28,3 

D15 

32.3 

32.2 

Gas  Porosity 

B 

D23 

21.3 

D41 

22.5 

D50 

21.4 

21.8 

C 

D24 

22.2 

D62 

23.1 

22.6 

Shrinkage 

Porosity 

B 

D40 

20.0 

D44 

25.0 

D54 

22.3 

22.4 

C 

D61 

22.6 

22.6 
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Figure  E7.  D357-T6  Fatigue  Crack  Growth  Rate  Data— Grade  C  Gas  Porosity 
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igure  ElO.  D357-T6  Fatigue  Crack  Growth  Rate  Data — Grade  D  Gas  Porosity 
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Figure  El  1.  D357-T6  Fatigue  Crack  Growth  Rate  Data — Grade  D  Gas  Porosity 
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gure  E\2.  D357-T6  Fatigue  Crack  Growth  Rate  Data— Grade  D  Gas  Porosity 
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igure  El 3.  D357-T6  Fatigue  Crack  Growth  Rate  Data — Grade  B  Foreign  Material 
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Figure  E  l  4.  D357-T6  Fatigue  Crack  Growth  Rate  Data — Weld  Repair 
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D357-T6  NONOPTIMUM  MICRUSTRUCTURE 

ASSESSMENT 
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TABLE  FI.  D357-T6  TENSILE  PROPERTY  DATA  —NONOPTIMUM 
MICROSTRUCTURE 


PLATE 

NO. 

UTS 

(ksi) 

YS 

(ksi) 

MX31 

47.5 

42.6 

47.0 

43.3 

46.8 

42.9 

47.0 

42.4 

MX.32 

46.9 

42.2 

46.6 

43.4 

46.7 

43.3 

47.2 

42.4 

47.5 

43.3 

Average 

47.0 

42.9 
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O  'C  0\  00 


TABLE  F2.  A357-T6  SMOOTH  STRESS-LIFE  FATIGUE  DATA 
--  NONOPTIMUM  MICROSTRUCTURE 


PLAIE 

NO. 

MAX.  STRESS 
(ksi) 

CYCLES  TO 
FAILURE 

MX31 

10 

5X  106* 

20 

501,590 

25 

331,393 

30 

54,357 

MX32 

15 

5  X  106* 

17 

5  X  106* 

20 

235,390 

25 

335,020 

Note:  Kt=  1.0,  R  =  0.1 
*  No  Failure 
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TABLE  F3.  D357-T6  NOTCHED  STRESS-LIFE  FATIGUE  DATA 
—NONOPTIMUM  MICROSTRUCl'URE 


PLATE 

MAX.  STRESS 

CYCLES  TO 

NO. 

(ksi) 

FAILURE 

MX31 

10 

403,799 

20 

41,401 

30 

3,679 

39.4 

89 

MX32 

5 

5X  106* 

10 

407,004 

15 

144,004 

20 

565 

Note:  Kt  =  3.0,  R  =  0.1 
*  No  Failure 
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Figure  FH.  D357-T6  Fatigue  Crack  Growth  Raie  Data — Nonoptimum 
Microstructure 
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Figure  F2.  D357-T6  Fatigue  Crack  Growth  Rate  Data — Nonoptimum 
Microstructure 
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APPENDIX  G 


PHASE  1,  TASK  3 

B201-T7  NONOPTIMUM  MICROSTRUCTURE 

ASSESSMENT 


TABLE  Gl.  B201-T7  TENSILE  PROPERTY  DATA  —  NONOPTIMUM 
MICROSTRUCTURE 


PLATE 

NO. 

UTS 

(ksi) 

YS 

(ksi) 

El 

(%) 

MX21 

65.8 

58.8 

11.0 

68.0 

61.2 

7.9 

64.2 

59.0 

3.3 

MX22 

64.4 

58.5 

5.8 

62.0 

57.6 

2.7  * 

54.3 

54.3 

0.1  * 

MX23 

65.6 

58.8 

8.9 

59.5 

55.4 

1.8  * 

MX24 

64,4 

58.3 

4.5 

59.1 

56.7 

1.0  * 

Average 

65.3 

59.0 

6.9 

*  Inclusions  Were  Observed  on  the  Fracture  Surfaces;  Data  Were  Not  Used  to  Compute 
Average  Values, 
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TABLE  G2.  B 201 -TV  SMOOTH  STRESS- LIFE  FATIGUE  DATA 
—  NONOPTIMUM  MICROSTRUCTURE 


PLAIT 

NO. 

MAX.  STRESS 
(ksi) 

CYCLES  TO 
FAILURE 

MX21 

30 

3  X  106  * 

40 

111,434 

MX22 

30 

97,328 

MX23 

35 

517,324 

45 

47,377 

MX24 

25 

748,626 

30 

80,167 

Note:  Kt=1.0,  R^O.l 
*  No  Failure 
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TABLE  G3.  B201-T7  NOTCHED  STRESS- LIFE  FATIGUE  DATA 
—NONOPTIMUM  MICROSTRUCTURE 


PLATE 

NO. 

MAX.  STRESS 
(ksi) 

CYCLES  TO 
FAILURE 

MX21 

20 

161.307 

30 

30,286 

MX23 

.5 

5  X  106  * 

10 

5  X  106  * 

10 

1,167,690 

15 

5  X  106  * 

15 

5  X  106  * 

MX24 

17 

92,164 

25 

52,088 

Note:  Kt  =  3.0,  R  =  0.1 
*  No  Failure 
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Microstructure 
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APPENDIX  H 
PHASE  n,  TASK  4 

AIRCRAFT  CASTINGS  EVALUATION 
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TABLE  I!L  0357-16  PYLON  TENSILE  PROPERTIES  — 
DESIGNATED 

AREAS 


SILICON  PYLON  UTS  (ksi)  YS  El  NTS  NTS 

MODIHER  NO.  (ksi)  (%)  (ksi)  YS 


Sodium 

95 

51.2 

51.8 

51.5 

52.4 

96 

51.7 
49.3  * 
48.9  * 

51.8 

Average 

51.1 

Strontium 

97 

52.5 

52.8 

50.1 

52.7 

98 

53.2 

52.9 

49.9  * 
53.5 

Average 

52.2 

42.9 

5.5 

63.2 

1.47 

42.1 

7.0 

62.1 

1.48 

42.0 

7.0 

57.6 

1.37 

42.3 

8.6 

61.1 

1,44 

43.7 

6.5 

59.8 

1.37 

41.4 

3.5 

63  2 

1.53 

39.9  * 

5.3 

58.1 

1.46 

42.2 

7.0 

59.6 

1.41 

42.1 

6.3 

60.6 

1.44 

41.7 

10.7 

60.8 

1.45 

41.7 

10.7 

64.3 

1.54 

39.7  * 

8.6 

59.9 

1.51 

42.2 

10.0 

61.6 

1.46 

42.3 

11.7 

64.1 

1.52 

42.1 

10.5 

64.7 

1.54 

39.9* 

8.0 

58.0 

1.46 

43.0 

9.8 

61.3 

1.43 

4i.6 

10.0 

61.8 

1.49 

* 


Below  AMS  4241  Specification  RequircnieiU  (.‘i()/4()/3) 


TABLE  H2.  D357-T6  PYLON  TENSILE  PROPERTIES 
— NONDESIGNATED  AREAS 


SILICON 

MODIFIER 

PYLON 

NO. 

UTS 

(ksi) 

YS 

(ksi) 

B 

{7c) 

Sctdium 

95 

52.5 

42.4 

8.0 

52,1 

42.3 

7.1 

96 

.32.0 

41.3 

6,9 

51.5 

41,2 

7.9 

Average 

52.0 

41.8 

7.5 

Strontium 

97 

53.2 

40.8 

11.2 

51.9 

39.9 

1 1.1 

98 

52.9 

40.3 

9.8 

52.4 

40.7 

9.9 

Average 

52.7 

40.4 

10.5 

•i2  7 


TABLE  H3.  D357-T6  TEST  PLATE  TENSILE  DATA 


PLATE 

NO 

UTS 

(ksi) 

YS 

(ksi) 

El 

(%) 

Ql 

50.9 

40.9 

6.1 

51.1 

41.9 

6.1 

Q2 

52.7 

41.6 

1  1.8 

52.6 

41.9 

9.2 

Q3 

52.0 

42.0 

7.4 

52.8 

41.3 

11.4 

Q4 

53.2 

42.7 

9.6 

51.9 

41.4 

14.5 

Q5 

52.7 

43.1 

6.8 

52.8 

43.8 

6.1 

06* 

52.5 

37.8* 

9.3 

51.9 

41.3 

9.5 

Q7* 

49.1* 

42.5 

3.7 

50.4 

42.5 

5.4 

Q8 

52.1 

41.6 

8.7 

53.7 

41.8 

13.9 

Q9 

51.9 

41.5 

8.5 

51.4 

40.7 

8.7 

QIO 

52.8 

43.1 

7.7 

52.5 

41.9 

9.7 

Ql! 

51.3 

40.2 

8.8 

51.7 

40.7 

9.5 

Q12 

52.6 

41.7 

11.0 

52.5 

41.3 

10.1 

Q13  ** 

48.5** 

40.9 

3.7 

47.2** 

41.1 

2.6** 

Q14  ** 

49.8** 

41.2 

6.0 

49.4** 

41.7 

4.6 

Average  *** 

52.0 

41.7 

8.9 

*  Data  Out  of  Specification  —  Plate  Used  for  DADT  Analysis 

**  Data  Out  of  Specification  —  Plate  Not  Used  for  DADT  Analysis 

***  Excludes  data  from  plates  Q13  and  Q14,  which  were  not  used  for  DADT  analysis 


TABLE  H4.  D357-T6  SMOOTH  STRESS  •  LIFE  FALIGUE  DATA 
•—  DESIGNATED  AREAS 


SILICON 

PYLON 

MAX,  STRESS 

CYCLES  I’O 

MODIFIER 

NO. 

(ksi) 

FAILURE 

Sodium 

95 

20 

5  X  10<’  * 

30 

610,710 

96 

25 

3,336,750 

40 

334,140 

Strontium 

97 

30 

471,850 

10 

269,980 

98 

25 

5  X  10^ 

45 

49,430 

Note;  Kt=  1.0,  R  =  0.1 
*  No  Failure 
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Figure  H2.  D357-T6  Pylon  Fatigue  Crack  Growth  Rate  Data 
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Figure  H3.  D357-T6  Pylon  Fatigue  Crack  Growth  Rate  Data 
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APPENDIX  I 
PHASE  n,  TASK  4 
ELEMENT  TEST  DATA 
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Appendix  I 


Data  sununaries  for  each  of  the  durability  and  damage  tolerance  specimens  are  given 
below.  For  the  multihole  durability  specimens,  the  crack  length  at  failure  for  each  of  the 
four  largest  cracks  observed  dunng  testing  is  recorded  along  with  the  initiating  defect  and 
approximate  defect  size. 

The  location  of  each  crack  is  identified  by  the  hole  number,  the  face  on  which  the 
crack  appeared  (front  or  retir),  and  the  crack  propagation  direction  (inboard  or  outboard). 
Figure  11  illustrates  the  hole  numbering  .scheme  as  well  as  the  inlxiard  and  outboard 
directions. 

Many  of  the  cracks  identified  during  te.sting  of  the  multihole  specimens  occured  at 
holes  at  which  the  sample  ultimately  failed.  For  these  cracks,  the  crack  lengtli  is  preceded 
by  a  “>”  sign  to  show  that  the  actual  length  at  failure  is  presumably  greater  than  the 
indicated  value.  The  crack  length  values  which  are  given  for  these  cracks  represent  the  last 
recorded  value  prior  to  specimen  failure. 

For  many  of  the  cracks  observed  in  the  multihole  specimens,  complete  identification 
of  the  initiating  defect  was  not  possible  because  of  smeared  fractographic  features  (a  result 
of  the  fatigue  loading),  Where  features  were  observed,  in  some  cases  the  size  could  not  be 
defined  because  of  multiple  sites.  Additional  fractographic  analysis  is  required  to  more 
clearly  identify  these  sites. 

Tlie  surface  flaw  damage  tolerance  specimen  is  shown  in  Figure  12,  For  each  of  the 
foiu'  specimens  tested,  cracks  were  initialed  at  the  left  and  right  coirers  of  the  EDM  surface 
flaw.  The  data  summaries  indicate  the  length  of  each  left  hand  and  right  hand  crack,  as 
well  as  the  length  of  any  crack  which  may  have  broken  out  of  the  back  surface,  as  a 
function  of  flight  hours  completed.  Similar  data  summanes  are  provided  for  each  of  the 
precracked  hole  specimens. 

All  specimens  were  tested  under  spectrum  loading  using  an  F-18  wing  root 
spectrum  (F18C2)  with  the  negative  loads  removed  so  thai  the  complete  test  surface  was 
visible.  Negative  loading  would  have  required  the  use  of  lateral  buckling  constraints, 
which  would  have  restricted  the  visibility. 
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Figure  II.  Hole  Number  Assignment  For  Multihole  Durability  Specimens 
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LEFT  HAND 
CRACK  LENGTH 


Figuff*  12.  Crack  Orientation  For  Surface  Flaw  Specimens 
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Multihole  Durability 


Specimen:  QlDl 

Gross  Stress  (ksi):  37 

Total  Life  (Flight  Hours)  1528 

Specimen  Fracture  at  Holes:  5  and  12 


Crack  Number 

Hole 

Crack  Length 

Initiation  Site 

ID(1) 

at  Failure 
(inch) 

Type 

Size  (inch) 

1 

13-R-O 

.017 

NI 

2 

12-F-I 

>.012 

NI 

— 

3 

5-R-O 

.006 

Silicon 

Panicles 

ND 

4 

13-F-O 

.004 

NI 

— 

(1)F  =  Front;  R  =  Rear;  I  =  Inboard,  0  =  Outboard 

NT)  =  Not  defined;  identiTcation  of  complete  crack  site  not  possible  due  to  multiple  defects 
N1  =  Not  identified;  fractographic  features  obscured 
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Multihole  Durability 

Specimen: 

Q2D2 

Gross  Stress  (ksi): 

37 

Total  Life  (Flight  Hours) 

2419 

Specimen  Fracture  at  Holes: 

5  and  12 

Crack  Number 

Hole 

Crack  Length 

Initiation  Site 

IEKO 

at  Failure 
(inch) 

Type 

Size  (inch) 

1 

6-R-I 

.016 

NI 

2 

6-F-I 

.010 

Silicon 

Particles 

.0030 

3 

5-R-O 

>.006 

NI 

— 

4 

12-F-O 

N/O 

Silicon 

Particles 

ND 

(1)F  =  Front,  R  =  Rear;  I  =  Inboard;  0  =  Outboard 

ND  =  Not  defined;  identification  of  complete  crack  site  not  piossible  due  to  multiple  defects 

NI  =  Not  identified 

N/O  =  No  surface  cracks  observed 
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MuUihoIe  Durability 


Specimen: 

Q3D3 

Gross  Stress  (ksi): 

32 

Total  Life  (Flight  Hours) 

13,528 

Specimen  Fracture  at  Holes: 

2  and  9 

Crack  Number 

Hole 

Crack  Length 

Initiation  Site 

ID(1) 

at  Failure 

(inch) 

Type 

Size  (inch) 

1 

2-F-O 

>.090 

Cavity 

.0006 

2 

13-F-O 

.049 

NI 

___ 

3 

9-F-O 

>.046 

NI 

— 

4 

2-F-I 

>.024 

Silicon 

Particles 

ND 

(1)  F  =  Front;  R  =  Rear;  I  =  Inboard;  O  =  Outboard 

ND  =  Not  defined;  identification  of  complete  crack  site  not  possible  due  to  multiple  defects 
NI  =  Not  identified 
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Mu'tihole  Durability 

Specimen: 


Q4D4 


Gross  Stress  (ksi):  35 

Total  Life  (Flight  Hours)  6678 

Specimen  Fracture  at  Holes:  5  and  12 


Cr.%ck  Numoer 

Hole 

10(1) 

Crack  Length 
at  Failure- 
finch) 

Initiation  Site 

Type  Si2«  (inch) 

1 

6-R-O 

.086 

NI 

-  ,-n. 

2 

6^F-0 

.042 

NI 

— 

3 

12-F-I 

>.020 

NI 

— 

4 

12-R-I 

>.010 

NI 

— 

(1 )  F  =  Front;  R  -  Rear,  1  =  Inboard;  O  =  Outboard 

ND  =  Not  defined;  identification  of  complete  crack  site  not  possible  due  to  multiple  defects 
NI  =  Not  identified 
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Multihole  Durability 


Specimen:  Q5A1 

Gross  Stress  (ksi):  40 

Total  Life  (Flight  Hours)  28 

Specimen  Fracture  at  Holes:  2  and  9 


No  Fatigue  Cracks  Observed  on  Front  or  Rear  Faces  of  the  Specimen 
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Multihole  Durability 

Specimen: 

Q5C1 

Gross  Stress  (ksi): 

35 

Total  Life  (Flight  Hours) 

6755 

Specimen  Fracture  at  Holes: 

2  and  9 

Crack  Number 

Hole 

ID(1) 

Crack  Length 
at  Failure 
(inch) 

Initiation  Site 

Type  Size  (inch) 

1 

2-F-O 

>.054 

Silicon 

Particles 

ND 

2 

4-F-O 

.044 

NI 

— 

3 

e-F-0 

.018 

Silicon 

Particles/ 

Shrinkage 

Pore 

.0015 

4 

3-F-O 

.010 

Silicon 

Particles 

ND 

(1 )  F  =  Front;  R  =  Rear;  I  -  Inboard;  O  =  Outboard 

ND  =  Not  defined;  identification  of  complete  crack  site  not  possible  due  to  multiple  defects 
NI  =  Not  identified 
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Maltihole  Durabilify 


Specimen;  Q6A2 

Gross  Stress  (ksi):  35 

Total  Life  (Flight  Hours)  3755 

Specimen  Fracture  at  Holes:  6  and  13 


Crack  Number 

Hole 

ID(l) 

Crack  Length 
at  Failure 
(incli) 

Initiation  Site 

Ty]>e  Size  (inch) 

1 

13-R-I 

.018 

Silicon 

ND 

Particles 

2 

11-R-O 

.008 

NI 

— 

3 

13-R-O 

N/0 

Cavity 

.0015 

(1)  F  =  Front;  R  =  Rear;  I  =  Inboard;  O  =  Outboard 

ND  =  Not  defined;  identification  of  complete  crack  site  not  possible  due  to  multiple  defects 

NI  =  Not  identified 

N/0  =  No  surface  cracks  observed. 


Multihole  Durability 

Specimen: 

Q6C2 

Gross  Stress  (ksi): 

40 

Total  Life  (Flight  Hours) 

253 

Specimen  Fracture  at  Holes: 

4  and  1 1 

No  Faiigue  Cracks  Observed  on  Front  or  Rear  Faces  of  the  Specimen 
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Mulfihole  Durability 


Specimen: 

Q7A3 

Gross  Stress  (ksi): 

32 

Total  Life  (Flight  Hours) 

11,053 

Specimen  Fracture  at  Holes: 

2  and  9 

Crack  Number 

Hole 

Crack  Length 

Initiation  Site 

ID(i) 

at  Failure 
(inch) 

Type 

Size  (inch) 

1 

2-F-O 

>.042 

NI 

_ 

2 

2-R-O 

>.030 

Silicon 

Particle 

.0004 

3 

2-F-I 

>.024 

Silicon 

Particles 

ND 

4 

4-F-O 

.020 

NI 

(1)  F  =  Front;  R  =  Rear;  I  =  Inboard;  O  =  Outboard 

ND  =  Not  defined;  identification  of  complete  crack  site  not  possible  due  to  multiple  defects 
NI  =  Not  identified 
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Multihole  Durability 


Specimen;  Q8A6 

Gross  Stress  (ksi):  25 

Total  Life  (Flight  Hours)  38,428 

Specimen  Fracture  at  Holes:  2  and  9 


Crack  Number 

Hole 

Crack  Length 

Initiation  Site 

ICKO 

at  Failure 

(inch) 

Type 

Size  (inch) 

1 

1-F-O 

.104 

Silicon 

Particles 

ND 

2 

2-F-O 

>.098 

NI 

— 

3 

2-R-O 

>.074 

Dross 

ND 

4 

2-R-I 

>.066 

Silicon 

Particles 

ND 

(1)  F  =  Front;  R  =  Rear;  I  =  Inboard;  O  =  Outboard 

ND  =  Not  defined;  identification  of  complete  crack  site  not  possible  due  to  multiple  defects 
NI  =  Not  identified 
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Multihole  Durability 

Specimen; 


Q9B1 


Gross  Stress  (ksi): 

37 

Total  Life  (Flight  Hours) 

3628 

Specimen  Fracture  at  Holes: 

6  and  13 

Crack  Number 

Hole 

Crack  Length 

Initiation  Site 

IEkO 

at  Failure 
(inch) 

Type 

Size  (inch) 

1 

13-R-O 

>.022 

Silicon 

Particles 

ND 

2 

12-R-O 

.012 

NI 

— 

3 

11-F-I 

.010 

NI 

— 

(1)  F  =  Front;  R  =  Rear;  I  =  Inboard;  O  =  Outboard 

ND  =  Not  defined;  identification  of  complete  crack  site  not  possible  due  to  multiple  defects 
N1  =  Not  identified 
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Multihole  Durability 

Specimen: 


Q10B2 


Gross  Saess  (ksi):  25 

Total  Life  (Flight  Hours)  48,928 

Specimen  Fracture  at  Holes:  4  and  1 1 


Crack  Number 

Hole 

Crack  Length 

Initiation  Site 

ID(l) 

at  Failure 
(inch) 

Type 

Size  (inch) 

1 

11-F-O 

>.136 

NI 

— 

2 

lO-F-0 

.100 

NI 

— 

3 

10-F-I 

.098 

NI 

— 

4 

11-R-O 

>.088 

NI 

— 

(1)  F  =  Front;  R  = 

Rear;  I  =  Inboard; 

0  =  Outboard 

N1  =  Not  identified 
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Multihole  Durability 

Specimen:  Q11B3 

Gross  Stress  (ksi):  35 


Total  Life  (Flight  Hours)  6455 

Specimen  Fracai:  e  at  Holes:  2  and  9 


Crack  Number 

Hole 

ID(') 

Crack  Length 
at  Failure 
(i.  ich) 

Initiation  Site 

Type  Size  (inch) 

1 

10-R-I 

.035 

Silicon 

Particles 

ND 

2 

2-R-O 

>.028 

Silicon 

Particle 

.0010 

3 

10-F-I 

.026 

NI 

— 

4 

2-F-O 

>.022 

NI 

— 

(1)  F  =  Front;  R  =  Rear;  I  =  Inboard;  O  =  Outboard 

ND  =  Net  defined;  identification  of  complete  crack  site  not  possible  due  to  multiple  defects 
NI  =  Not  identified 
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Multihoic  Durability 


Specimen: 

Qi2j4 

Gross  Stress  (ksi): 

32 

Total  Life  (Flight  Hours) 

10,828 

Specimen  Fracture  at  Holes: 

3  and  10 

Crack  Number 

Hole 

Crack  Length 

Initiation  Site 

ID(l) 

at  Failure 
(inch) 

Type 

Size  (inch) 

1 

10-R-I 

>.050 

Nl 

— 

2 

10  F-I 

>.045 

Silicon 

Particles 

ND 

3 

lO-R-O 

>.022 

Silicon 

Particle 

ND 

4 

12-F-O 

.012 

NI 

— 

(1)  F  =  Front;  R  =  Rear;  I  =  Inboard;  9  =  Outboard 

ND  =  Not  defined;  identification  of  complete  crack  site  not  possible  due  to  multiple  defects 
Ni  =  Not  identified 
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Surface  Flaw 


Specimen; 

QlSl 

Gross  Stress  (ksi): 

40 

Total  Life  (Flight  Hours) 

11,428 

Crack  Length  (in) 

Total  Life 
(Flight  Hours) 

Front 

Rear 

Left 

Right 

Left 

.016 

.022 

None 

0 

.025 

.027 

None 

3000 

.026 

.028 

.004 

3600 

.032 

.034 

.005 

4800 

.037 

.039 

.005 

6000 

.042 

.042 

.005 

7200 

.045 

.018 

.005 

7800 

.054 

.058 

.005 

8400 

.058 

.059 

.006 

9000 

.068 

.065 

.006 

9300 

.072 

.068 

.010 

9600 

.075 

.076 

.010 

10,200 

.093 

.087 

.010 

10,800 

.122 

.112 

.010 

11,400 
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Surface  Flaw 


Sp)ecimen: 

Q3S2 

Gross  Stress  (ksi): 

42 

Total  Life  (Flight  Hours) 

7828 

CYack  Length  (inch) _ 

_ Front  _ 

Total  Life 

Left  Right  (Flight  Hours) 


.016 

.024 

0 

.030 

.030 

2100 

.033 

.035 

2700 

.040 

.039 

3300 

.044 

.045 

3900 

.048 

.051 

5100 

.056 

.056 

5700 

.065 

.063 

6300 

.075 

.074 

6900 

.084 

.091 

7500 
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Surface  Flaw 


Specimen: 

Q10S3 

Gross  Stress  (ksi): 

35 

Total  Life  (Flight  Hours) 

18,328 

Crack  Length  (inch) 
Front 


Uft 


Right 


Total  Life 
(Flight  Hours) 


.019 

.021 

0 

.026 

.028 

1800 

.026 

.032 

3900 

.030 

.034 

5100 

.032 

.041 

6300 

.037 

.045 

7500 

.038 

.051 

8700 

.044 

.052 

9900 

.052 

.060 

11,100 

.058 

.067 

12,300 

.062 

.073 

13,500 

.069 

.080 

14,700 

.089 

.093 

15,900 

.096 

.104 

16,500 

.111 

.113 

17,100 

.129 

.136 

17,700 

4‘j5 


Surface  Flaw 

Specimen; 

Q4S4 

Gross  Stress  (ksi); 

35 

Total  Life  (Flight  Hours) 

19,933 

Crack  Length  (inch) _ 

_ Front _ 

Total  Life 

I>eft  Right  (Flight  Hours) 


.022 

.018 

0 

,038 

.023 

3300 

.041 

.023 

4500 

.043 

.024 

5700 

.046 

.024 

69(X.' 

.047 

,026 

8100 

.049 

.032 

9300 

.053 

.037 

10,500 

,056 

.038 

11,700 

.062 

.041 

12,900 

.068 

.051 

14,100 

.074 

.055 

15,300 

.080 

.071 

16,500 

.098 

.085 

17,700 

.109 

.099 

18,300 

.123 

.114 

18,900 

.141 

.138 

19,500 
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Precracked  Hole 

Specimen: 

QlHl 

Gross  Stress  (ksi): 

30 

7’otai  Life  (Flight  Hours) 

1655 

Crack  Length  (in) 

Total  L  fe 
(Flight  Hours) 

Front 

Rear 

Left 

Right 

Uft 

Righ^ 

None 

.040 

None 

None 

0 

.044 

.009 

44 

150 

<< 

.047 

.010 

44 

?00 

.054 

.010 

44 

450 

<4 

.055 

.0!  i 

44 

600 

44 

.058 

.012 

44 

750 

4  4 

.062 

.012 

44 

9(X) 

44 

.063 

.014 

.010 

1050 

44 

.064 

.014 

.010 

12fX) 

44 

.073 

.016 

.012 

1 350 

44 

.073 

.020 

.013 

1 5(X) 

.006 

.085 

.034 

.016 

I6.M) 

4‘>7 


Precracked  Hole 

Specimen; 

Q3H2 

Gross  Stress  (ksO: 

23 

Total  Life  (Right  Hours) 

16,055 

Crack  Length  (in) 

Total  Life 
(Flight  Hours) 

Front 

Re:ir 

Left 

Right 

Left 

None 

.045 

None 

0 

it 

.056 

44 

1200 

(4 

.064 

44 

2400 

44 

.067 

44 

3600 

44 

.071 

44 

4800 

44 

.076 

44 

6000 

44 

.080 

44 

7200 

4i 

.090 

44 

8400 

44 

.102 

44 

9600 

44 

.116 

44 

10,800 

4  4 

.124 

44 

12,000 

44 

.140 

44 

13,200 

.006 

.168 

44 

14,4iK) 

.OOX 

.184 

.028 

15,000 

.008 

,194 

.046 

15,300 

.010 

.207 

.050 

15,600 

.024 

.236 

.058 

15,900 
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Precracked  Hole 


Specimen: 

Q1()H3 

Gross  Stress  (ksi): 

27 

Total  Life  (Flight  Hours) 

7350 

Crack  length  (inch) _ 

Front  Rear 

Total  Life 

Right  Left  (Flight  Hours) 


.045 

None 

0 

.055 

<« 

600 

.062 

4< 

1200 

.073 

«4 

1800 

.074 

«( 

2400 

.080 

a 

3000 

.085 

44 

3600 

.095 

44 

4200 

.100 

44 

4800 

.115 

5400 

.140 

44 

6000 

.158 

44 

6600 

.186 

44 

6900 

.206 

.070 

7200 

PreiTacked  Hole 


Spec'men: 

Gross  Stress  (ksi): 

Total  Life  (Right  Hours) 


Q4H4  (Weld  Repair) 
23 

10,219 


Craok  Length  (inch) 


Front 


Rear 


Right 


Left 


Total  Life 
(Flight  Hours) 


None 

None 

0 

.009 

n 

8400 

.026 

n 

8700 

.048 

n 

9000 

.062 

(4 

9150 

.071 

44 

9300 

.085 

.025 

9450 

.125 

.041 

9600 

.127 

.068 

9750 

.140 

.085 

9900 

.172 

.120 

10,200 
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Precracked  Hole 

Specimen: 

Q9H5 

Gross  Stress  (ksi): 

27 

Total  Life  (Flight  Hours) 

8428 

Crack  Length  (inch) 

Front 

Rear 

Total  Life 

Right 

Left 

(Flight  Hours) 

.040 

None 

0 

.052 

(( 

1200 

.062 

(( 

2400 

.065 

(( 

3000 

.069 

u 

3600 

.072 

a 

4200 

.080 

n 

4800 

.087 

n 

5400 

.093 

(( 

6000 

.106 

(( 

6600 

.118 

i« 

7200 

.134 

i( 

7800 

.186 

.060 

8400 
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Precracked  Hole 

Specimen: 

Q12H6 

Gross  Stress  (ksi): 

23 

Total  Life  (Flight  Hours) 

19,333 

Crack  L,ength  (in) 

Total  Life 
(Flight  Hours) 

Front 

Rear 

Left  Right 

Left 

None  .040 

None 

0 

“  .050 

4A 

1200 

“  .054 

4i 

2400 

“  .058 

tc 

3600 

“  .064 

(4 

4800 

"  .069 

44 

6000 

“  .074 

44 

7200 

“  .076 

44 

8400 

“  .082 

44 

9600 

“  .090 

44 

10,800 

“  .098 

44 

12,000 

“  .110 

44 

13,200 

“  .122 

44 

14,400 

“  .134 

4< 

15,600 

“  .150 

44 

16,800 

“  .172 

44 

18,000 

.012  .191 

.009 

18,600 

.022  .224 

.088 

19,200 

462 


APPENDIX  J 

PHASE  m,  RECOMMENDED  CHANGES  TO 
AMS  4241  (D357)  FOR  DURABILITY  AND 
DAMAGE  TOLERANCE  CASTINGS 
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ALUMINUM  ALLOY  CASTINGS,  SAND  COMPOSITE 
7.0S1  -  0.58Mg  -  O.lSTi  -  0.06Be  (1)357. 0-T6) 
SOLUTION  AND  PRECIPITATION  HEAT  TREATED 
AIRCRAFT  DURABILITY  AND  DAMAGE  TOLEPJ^'CE  QUALITY 


1.  SCOPE: 

1.1  Form :  This  specification  covers  an  aluminum  alloy  in  the  form  of  sand 
composite  molded  castings. 

1.2  Application:  This  product  is  intended  to  be  typically  used  for 
durability  and  damage  tolerance  structural  aircraft  components,  but  usage 
is  not  limited  to  such  applications. 

1.3  Alloy  D357.0  has  restricted  composition  within  the  limits  of  alloy 
A357 .0. 

1.4  This  specification  includes  requirements  for  both  fatigue  and  fracture 
toughness.  If  not  pertinent  to  the  application,  either  property 
requirement  can  be  waived  by  the  purchaser. 

2.  APPLICATION  DOCUMENTS :  The  following  publications  form  a  part  of  this 
specification  to  the  extent  specified  herein.  The  latest  issue  of  SAE 
publications  shall  apply.  The  applicable  issue  of  oilier  publications 
shall  be  the  issue  in  effect  on  the  date  of  the  purchase  order. 

2.1  SAE  Publications:  Available  from  SAE,  400  Commonwealth  Drive, 

Warrendale,  PA  15096. 


AMS  2350  -  Standards  and  Test  Methods 

AMS  2360  -  Room  Temperature  Tensile  Properties  of  Castings 

AMS  2694  -  Repair  Welding  of  Aerospace  Castings 

AMS  2804  -  Identification,  Castings 

AJiS  4188/5  -  Aluminum  Alloy  Welding  Wire.  7.0Si  -  0.52Mg 


ARP  1947  -  Determination  and  Acceptance  of  Dendrite  Arm  Spacing  in 
Alumin<.mi  Castings 


2.2  ASTM  Publications:  Available  from  ASTM,  1916  Race  Street,  Philadelphia, 
PA  19103  1187. 


ASTM  B  557 

ASTM  B  660 
ASTM  E  18 

ASTM  E  34 
ASTM  E  155 


Tension  Testing  of  Wrought  and  Cast  Aluminum  and  Magnesium 
Alloy  Products 

Packaging/Packing  of  Aluminum  and  Magnesium  Products 

Rockwell  Hardness  and  Rockwell  Superficial  Hardness  Testing 
of  Metallic  Materials 

Chemical  Analysis  of  Alumirium  and  Aluminum  Alloys 

Reference  Radiographs  for  Inspection  of  Aluminum  and 
Magnesium  Castings 
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ASTM  E  466  -  Conducting  Constant  Amplitude  Axial  Fatigue  Tests  of 
Metallic  Materials 

ASTM  E  1304  -  Plane -Strain  (Chevron-notch)  Fracture  Toughness  of  Me t 1 1 ; 
Materials 

2.3  U.S.  Government  Publications:  Available  from  Commanding  Officer,  Naval 
Publications  and  Forms  Center,  5801  Tabor  Avenue,  Philadelphia,  PA 
19120. 

2.3.1  Military  Specifications : 

MIL-H-6088  -  Heat  Treatment  of  Aluminum  Alloys 

MIL-STD-6866  -  Inspection,  Penetrant  Method  of 
MIL- 1  25135  -  Inspection  Materials,  Penetrant 

2.3.2  Military  Standards: 

MIL-STD-410  -  Nondestructive  Testing  Personnel  Qualification  and 

Certification  (Eddy  Current,  Liquid  Penetrant,  Magnetic 
Particle,  Radiographic  and  Ultrasonic) 

MIL-STD-453  -  Inspection,  Radiographic 

2.4  AIA  Publications:  Available  from  National  Standard  Association,  Inc., 
1321  14th  Street,  N.W. ,  Washington,  DC  20005. 

NAS  823  -  Cast  Surface  Comparison  Standard 

3 .  TECHNICAL  REQUIREMENTS : 

3.1  Composition:  Shall  conform  to  the  percentages  by  weight  shown  in  Table 
1,  determined  by  wet  chemical  methods  in  accordance  with  ASTM  E  34,  i)y 
spectrochemical  or  by  other  analyt  ical  method;;  approved  by  pur  di  i  se  c : 


Table  1.  Composition 


Element  min  max 


Silicon  b .  5  / .  5 

Magnesium  0.5  5  (.1.60 

Titanium  0.10  0.20 

Beryllium  0.04  0.0/ 

Iron  -  -  0.12 

Manganese  -  0.10 

Other  Impurities,  each  --  0.05 

Other  Impurities,  total  -  0  1 

Aluminum  reiiia  i  i;<l( 


3.1.1  The  use  of  strontium  or  sodium  as  a  silicon  particle  modifier  is 
permitted  if  approved  by  the  purchaser.  When  permitted,  the  maximum 
percentage  by  weight  shall  be  0.014  for  strontium  or  0.012  for  sodium. 

3.2,  Condition:  Solution  and  precipitation  heat  treated. 

3.3  Casting :  Castings  shall  be  produced  in  lots  from  metal  conforming  to 
3.1. 

3.3.1  A  melt  shall  be  a  single  homogeneous  batch  of  molten  metal  on  which  all 
processing  has  been  completed  and  the  temperature  has  been  adjusted 
ready  for  pouring  castings. 

3.3.2  A  lot  shall  be  all  castings  poured  from  a  single  melt  in  not  more  than 
eight  consecutive  hours  and  solution  and  precipitation  heat  treated  in 
the  same  heat  treat  batch. 


3 . 4  Test  Specimens : 


3.4.1  Chemical  Analysis  Specimens:  Shall  be  cast  from  each  melt. 

3.4.2  Integrally-Attached  Coupons:  Coupons  shall  be  integrally-attached  to 
each  casting  to  permit  tensile,  fatigue,  and  fracture  toughness 
testing. 

3.4.2. 1  Each  casting  shall  have  at  least  two  integrally-attached  tensile 
coupons.  One  coupon  shall  be  left  attached  and  used  only  if  repeated 
heat  treatment  is  necessary.  Location  and  size  of  the  coupons  are 
optional  with  the  following  exceptions: 

3.4.2. 1.1  The  coupons  shall  be  flat  and  sufficiently  large  to  permit  excision 
of  a  sub-size  round  tensile  specimen  0.2'"  Inch  (6.35  mm)  in 
diameter  with  a  gage  length  of  1  Inch  (2'  t  mm),  conforming  to  ASTM 
B  55  7. 


3, 4. 2. 2  Each  casting  shalj  have  at  least  three  integral ly- attached  fatigue 
coupons.  Si.e  of  the  coupons  is  optional,  with  the  following 
exceptions : 

3. 4. 2. 2.1  The  coupons  shall  be  sufficiently  large  to  permit  excision  of  a 

round  specimen  0.50  inch  (12.7  mm)  in  diameter,  with  a  minimum  gage 
length  of  2.0  inches  (50.8  mm),  conforming  to  ASTM  E  466  All 
machining  marks  shall  be  removed  and  the  gage  section  shall  be 
polished  parallel  to  the  specimen  axis.  The  final  polish  shall  be 
with  Crocus  cloth. 


.4.2  3  Each  casting  shall  have  at  least  two  integral ly- attached  fracture 

toughness  coupons.  The  coupons  shall  be  sufficiently  large  to  permit 
excision  of  a  specimen  that  conforms  to  ASTM  E  1304. 

.  34  The  radiographic  quality  of  the  coupons  shall  meet  tiie  requirements 
for  designated  areas  of  Table  2. 
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3. 4. 2. 5  Tftsting  of  integrally-attached  coupons  for  casting  acceptance  shall 
be  performed  by  a  testing  facility  which  has  been  approved  by 
purchaser  and  the  foundry,  and  is  independent  of  the  foundry. 


TABLE  2 .  Radiographic  Requirements 


Maximum  acceptance  defects  in  aluminum  alloy  castings  (maximum  permissible 
radiograph  in  accordance  with  ASTM  E155) : 


Defects 

Radiograph 

Reference 

Designated 

Area 

Othe  r 
Areas 

Gas  holes 

1.1 

1 

2 

Gas  porosity  (round) 

1.21 

1 

3 

Gas  porosity  (elongated) 

1.22 

1 

3 

Shrinkage  cavity 

2.1 

1 

2 

Shrinkage  porosity  or  sponge 

2  .  ^ 

1 

2 

Foreign  material  (less  dense) 

3  1  1 

1 

2 

Foreign  material  (more  dense) 

3.1.' 

1 

2 

Segregation 

— 

none 

none 

Cracks 

— 

none 

none 

Cold  shuts 

none 

none 

Laps 

— 

none 

none 

NOTES : 

(1)  When  two  or  more  types  of  defects  are  present  to  an  extent  equal  to  or 
nct  significantly  better  than  the  acceptance  standards  for  respect ive 
defects,  the  parts  shall  be  rejected. 

(2)  When  two  or  more  types  of  defects  are  present  and  the  predominating 
defect  is  not  significantly  better  than  the  acceptance  standard,  the  pan 
shall  be  considered  borderline  and  shall  be  reviewed  for  disposition  by 
the  cognizant  engineering  personnel. 

(3)  Gas  holes  or  sand  spots  and  inclusions  allowed  by  this  table  stiall  he 
caiise  for  rejection  when  closer  than  twice  their  maximum  dimension  lo  an 
edge  or  extremity  of  a  casting. 

3.5  Heat  Treatment:  Castings  and  integral ly-attached  coupons  shall  be 

solution  and  precipitation  heat  treated  in  accordance  with  MIL  li-6088 
except  as  specified  in  3.5.1  and  3.5.2. 

3  5.1  The  solution  heat  treat  temperature  shall  be  1000°  -  1020° F  (450  - 
550°C) . 

3.5.2  The  quenching  and  precipitation  heat  treating  procedure  shall  be 
established  to  develop  the  required  casting  proptii^ies. 
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3.6  Properties :  Castings  and  integrally-attached  chilled  coupons  shall 
conforru  to  the  following  requirements; 

3.6.1  Tensile  Properties:  Shall  be  a,s  follows,  determined  in  accordance  with 
ASTM  B  557: 

3. 6. 1.1  Integrally-Attached  Chilled  Coupons:  For  heat  treat  control,  the 

tensile  properties  shall  as  shown  in  Table  3. 


TABLE  3.  Tensile  Properties 


Tensile  Strength,  min  51.0  ksi  (352  MPa) 

Yield  Strength  at  0.2%  Offset  42.0  -  47.0  ksi 

(290-324  MPa) 


3. 6. 1.2  Specimens  Cut  from  Castings:  Tensile  properties  of  specimens  cut 

from  a  casting  or  castings  shall  be  as  shown  in  Table  4  or  Table  5. 


Table  4.  Designated  Casting  Areas: 


Tensile  Strength,  minimum 

Yield  Strength  at  0.2%  Offset,  minimum 

Elongation  in  4D,  rain  (See  3. 6. 1.2. 3) 


50.0  ksi  (345  MPa) 
40.0  ksi  (276  MPa) 
2% 


Table  5.  Casting  Areas  Other  Than  Designated  Areas; 


Tensile  Strength,  minimum 

Yield  Strength  at  0.2%  Offset,  minimum 

Elongation  in  4D ,  min  (See  3. 6. 1.2-3) 


45.0  ksi  (310  MPa) 
36.0  ksi  (248  MPa) 
2% 


3, 6. 1.2.1  Excised  specimens  shall  be  subsize  and  proportional  to  the  standard 
round  or  sheet  type  specimens  defined  in  ASTM  B557.  For  sheet  type 
specimens,  elongation  shall  be  measured  based  on  a  gage  length  of 
4.5  X  (cross-sectional  area)*'. 

},6  2  Fatigue  Properties:  Shall  be  as  follows,  determined  in  accordance  with 
ASTM  E  466: 

'6  2.1  Integral Iv- Attached  Coupons :  Three  specimens  shall  be  tested  under 
constant  amplitude  fatigue  loading  at  a  freqviency  between  10  and  20 
Hz.  The  maximum  stress  shall  be  40,0  ksi  (276  MPa)  at  a  stress 
ratio  of  0.1,  and  a  stress  concentration  factor  of  1.0. 
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The  log  average  life  of  the  three  specimens  shall  be  85,000  cycles, 
with  a  minimum  individual  life  of  46,000  cycles. 

3. 6. 2. 2  Specimens  Cut  From  Castings:  If  the  casting  is  sufficiently  large  to 
permit  the  provision  of  the  specimens  in  3. 4. 2. 2.1,  the  average  and 
minimum  fatigue  life  requirements  in  3. 6. 2.1  shall  apply.  If  it  is 
not  possible  to  excise  0.5  inch  (12.7  mm)  diameter  specimens  from  the 
casting,  smaller  specimens  are  permitted.  These  shall  have  a  0.250 
inch  (6.4  mm)  or  0.375  inch  (9.5  mm)  diameter  gauge  section.  The 
gauge  section  shall  be  between  1.5  inches  (38.1  mm)  and  2.0  inches 
(50.8  mm)  long.  All  fatigue  specimens  shall  be  exci.sed  from 
designated  areas  of  the  casting. 

The  log  average  life  for  the  0.250  inch  (6.4  mm)  and  0.375  inch  (9.5 
nun)  specimens  shall  be  68,000  and  78,000  cycles,  respectively.  The 
minimum  fatigue  life  for  each  individual  specimen  shall  be  36,000  and 
42,000  cycles  for  the  0.250  inch  (6.4  mm)  and  0.375  inch  (9.5  mm) 
diameter  gauge  sections,  respectively. 

3.6.3  Fracture  Toughness  Properties:  Sh.ill  be  not  less  than  21  yinch , 
determined  in  accordance  with  ASTM  E  1304. 

3.6.4  When  properties  other  than  those  of  3.6.1,  3.6.2,  or  3.6.3  are  required 
specimens  taken  from  locations  indicated  on  the  drawing,  from  a  casting 
or  castings  chosen  at  random  to  represent  the  lot,  shall  have  the 
properties  indicated  on  the  drawing  for  such  specimens.  Tensile 
property  requirements  may  be  designated  in  accordance  with  AMS  2360, 

3.6.5  Microstructure :  The  microstructure  of  the  casting  surface  in  the 
designated  areas  of  the  casting  shall  have  a  dendrite  arm  spacing  that 
does  not  exceed  0.0020  inch  (0.051  mm),  determined  in  accordance  with 
ARP1947.  Castings  which  exhibit  an  unacceptable  microstructure,  bur 
which  meet  the  requirements  of  3.6.1,  3.6.2,  and  3.6.3,  siiall  be  held 
for  disposition  by  purchaser's  cognizant  engineering  per.sonnel 

3 . 7  Quality : 

3.7.1  Castings,  as  received  by  purchaser,  sh.ill  be  unifonii  'n  qu.ility  .ind 
condition,  sound,  and  free  from  foreign  .iiaterials  ami  t  i  .)m 
imperfections  detiiinental  to  usage  of  the  casting,';. 

3. 7. 1.1  Castings  shall  have  a  surtace  finish  in  accord.uue  w!  '  h  the 
engineering  drawing  and  NAS  823  or  equivaltuit  and  sh.ill  he  well 
c leaned . 

3  7.2  Castings  shall  he  produeeil  under  loundry  control.  Th  i  .s  control  sh.ill 
consist  of  pi'ep  rotiue  t  i  on  ex.iniin.it  ion  of  e.istings  until  proper  touiuliv 
technique  .and  controls  are  established,  whith  will  produce  castings 
that  will  meet  the  drawing  quality  and  d  i  mens  i  on.i  1  requ  i  ii'iiient  s 

3.7,3  Radiographic  inspection  shall  he  pe  i  f  o  i  iiicti  on  e.uli  ca.'it  ing,  in 

accordance  with  M 1  L- STD- 004  5  3  ,  Tvpe  1  rad  i  ngp- ,a[ih  i  c  film  sh.ill  he  used, 
and  a  maximum  unsharpness  value  of  l',003  in.  (0.08  mm)  and  f  1  .iw 
seii.sitivity  of  1%  slial  1  be  maintained,  AS’l'M  E  155  shall  he  used  to 
define  raoiographic  acceot  ince  standarcl.s  in  accordam a-  with  Table  1. 
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3.7.4  Eiich  ca.st:Lng  shall  be  subjected  to  fluorescent  penetrant  In.spectlon  .in 
accordance  with  MIL-STD-6866 . 

The  fluorescent'  penetrant  shall  have  a  sensitivity  level  equivalent 
to  group  V  of  MIL-I-25135 

Personnel  conducting  the  testing  shall  be  f,ualified  and  certified  in 
accordance  with  MIL- STD-410. 

Linear  indications,  cold  shuts,  cracks,  and  seams  are  not  acceptable. 

Surface  porosity  shall  be  cause  for  rejection  if  the  individual  pores 
are  closer  than  twice  their  maximum  dimension  to  an  edge  or 
extremity  of  the  casting  or  the  pores  form  a  linear  indication, 
i.e. ,  three  or  more  are  in  a  line  and  the  distance  between  each 
indication  is  less  than  twice  the  maximum  dimension  of  either 
adjacent  indication. 

Any  individual,  indication  which  is  three  times  longer  than  it  is  wide 
shall  be  considered  a  linear  indication  and  is  not  acceptable. 

3.7.5  Castings  shall  not  be  repaired  by  peening,  plugging,  welding,  or  other 
methods,  except  as  specified  in  3. 7. 5.1. 

3.  7.  5.  I  Defects  in  non-critical  areas  of  the  casting  may  be  removed  and  the. 

casting.s  repaired  by  welding  ixi  accordance  with  AMS  2694,  using  AMS 
4188/5  alloy  filler  metal.  The  vendor's  weld  procedures  shall  have 
prior  approval  by  purchaser. 

4 ,  QUALITY  ASSURANCE  PROVISIONS : 

4.1  Responsibility  for  Inspection:  The  vendor  of  castings  shall  be 
responsible  for  coordinating  all  acceptance  testing  of  production 
castings  at  purchaser  approved  facilities.  Testing  of  specim.ens  excised 
periodically  from  castings  and  DAS  determinations,  when  required,  shall 
be  performed  at  a  testing  facility  approved  by  purchaser  and  foundry  and 
shall  be  independent  of  the  foundry.  Results  of  such  tests  shall  be 
reported  to  the  purchaser  as  required  by  4.5.  Purchaser  reserves  the 
right  to  sample  and  to  perform  any  confirmatory  testing  deemed  necessary 
to  ensure  that  the  castings  conform  to  the  requirements  of  this 
specification. 

4 . 2  Classification  of  Tests ; 

4,2.1  Acceptance  Tests:  Tests  to  determine  conform.ance  to  requirements  for 
composition  (3.1),  properties  of  spe;  i mens  cut  from  castings  and 
integrally-attached  coupons  (3.6),  aii<l  quality  (3.7)  are  classified  as 
acceptance  tests  and  shall  be  performed  on  each  castii  ,',  melt,  or  lot 
as  applicable. 


3.7.4. 1 

3. 7. 4. 2 

3 . 7 .4. 3 

3. 7.4.4 

3  .  7 . 4 . 5 
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A  .  2 . 2  Preproduct  Ion  Tests  :  Tests  to  deterinirie  conforniance  to  all  tecb.nical 
requirements  of  this  specification  are  classlfiid  as  preproduction 
tests  and  shall  be  performed  prior  to  or  on  the  first -article  shipment 
of  casting  to  a  purchaser,  when  a  change  in  material,  processing,  or 
both  requires  reapproval  as  in  4.4.2,  and  when  purchaser  deems 
confirmatory  testing  to  be  required. 

4. 2. 2.1  For  direct  U.S,  Military  procurement,  substantiating  test  data  and, 
when  requested,  preproduction  test  material  shall  be  submitted  to  the 
cognizant  agency  as  directed  by  the  procuring  activity,  contracting 
officer,  or  request  for  procurement. 

4.3  Samol inti :  Shall  be  in  accordance  with  the  following: 

4.3.1  For  Acceptance  Tests  : 

4. 3. 1.1  One  chemical  analysis  specimen  in  accordance  with  3.4.1  from  each 
melt . 

4. 3. 1.2  The  destructive  testing  of  castings  for  the  evaluation  of  excised 
test  specimens  shall  occur  at  the  following  frequency: 

4. 3. 1.2.1  First  3C)  Castings  Received:  One  casting  from  each  10  production 
castings  .shall  be  selected  for  destructive  testing. 

4.3  1.2.2  Castings  Received  Thereafter:  If  no  failure  occurs  in  4. 3.  1.2.  I, 

one  casting  from  each  25  production  castings  consecutively  received 
thereafter  shall  be  tested.  If  a  failure  occurs,  the  test 
frequency  reverts  to  one  from  each  10  production  castings  from  the 
next  30  castings  received. 

4. 3.1.3  The  tensile  properties  cf  an  integrally-attached  coupon  required  by 

3.6. 1.1  from  each  ca.sting  shall  be  determined.  Testing  shall  be 
performed  by  a  test  facility  approved  by  purchaser  and  independent  of 
the  foundry . 

4. 3.1.4  The  fatigue  properties  of  three  integral  1 y - attached  coupons  required 
by  3.6.2. 1  from  each  casting  shall  be  determined.  Te.sting  .shall  he 
performed  by  a  test  facility  approved  by  purchaser  and  independent 
the  fotJindry. 

4. 3. 1.5  The  fracture  toughness  properties  of  an  integrally- attached  coupon 
required  by  3. 6. 3.1  from  each  casting  shall  be  determined.  Testing 
shall  be  performed  by  a  test  facility  approved  by  purchaser  and 
independent  of  the  foundry. 

4.3.2  For  Periodic  Tests  and  Preproduction  Te.sts:  As  agreed  upon  by 
purchaser  and  vendor  and  the  following: 

4. 3. 2.1  Wlien  required,  specific  test  sites  on  the  casting  and  frequency  of 
evaluating  castings  for  surface  microstructu  o  shall  be  defined  by 
purchaser  at  the  time  of  preproduction  approval. 
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'4  .  k  Approval ; 


4.4.1  Sample  castings  from  new  or  reworlcd  patterns  shall  be  approved  by 
purchaser  before  castings  for  production  use  are  supplied,  unless  such 
approval  be  waived  by  purchaser. 

4.4. 1.1  Two  preproduction  castings  of  each  part  number  shall  be  furnished  to 
purchaser.  One  casting  shall  have  been  dimensionally  inspected  by 
the  vendor  and  the  results  shall  be  forwarded  with  the  casting  for 
approval.  The  second  casting  sha'J.l  be  supplied  to  purchaser  for 
metallurgical  evaluation.  All  vendor  test  results  obtained  to 
substantiate  the  metallurgical  quality  of  the  casting  shall  be 
included. 

4.4.2  Vendor  shall  document  the  parameters  for  the  process  control  factors 
which  will  produce  acceptable  castings.  These  shall  constitute  the 
approved  casting  procedure  and  shall  be  used  for  producing  production 
castings.  If  necessary  to  make  any  change  in  parameters  for  the 
process  control  factors,  vendor  shall  submit  for  reapproval  a  statement 
of  the  proposed  changes  in  material,  processing,  or  both  and,  when 
requested,  integrally  -attached  coupons,  sample  castings,  or  both. 
Production  castings  incorporating  the  revised  operations  shall  not  be 
shipped  prior  to  receipt  of  written  reapproval. 

4.0.2. 1  Control  factors  for  producing  castings  include,  but  are  not  limited 
to,  the  following: 

Melting  practice  regarding  control  of; 

Chemistry 
Gas  content 
Melt  temperature 
Grain  Site 

Molding  procedure  regarding: 

Materials  and  assembly 
Gating  and  risering  systems 
Solidification  rate  in  designated  areas 

Heat  treatment  practice  regarding: 

Temperature  and  time  parameters 
Load  density 
Quenching  procedure 

Shop  tra^'eler  de.scribrng  the  sequence  of  processing,  inspection,  and 
test ing . 

4.4  2.1.1  Any  of  the  above  process  control  factors  for  which  parameters  are 
considered  proprietary  by  the  vendor  may  be  assigned  a  code 
designation.  Each  variation  in  such  parameters  slialL  be  assigned  a 
modified  code  designation. 
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4.5 


Report-s  : 


The  vendor  of  castings  shall  furnish  with  each  shipment  a  report 
showing  the  results  of  tests  for  chemical  composition  of  each  mel*, 
tensile,  fatigue  and  fracture  toughness  properties  of  attached 
specimens  representing  each  casting  and  specimens  cut  from  castings  it 
applicable,  penetrant  and  radiographic  inspections  of  each  casting  tiv 
serial  number,  and,  when  performed,  microstructure  results  from  eacli 
lot.  This  report  shall  include  the  purchase  order  number,  AMS  XX.XX , 
part  number,  and  quantity. 

4 . 6  Resampling  and  Retesting ; 

4.6.1  Attached  Coupons : 

4.6. 1.1  Replacement  ot  an  integrally-attached  coupon  is  permitted  when  an 
isolated  flaw  is  evident  on  the  fracture  face  of  a  broken  specimen. 

4. 6. 1.2  Testing  is  required  of  an  integrally- attached  tensile  coupon  after 
reheat  treatment.  The  replacement  specimen  shall  be  taken  from  an 
additional  coupon  which  has  remained  integrally  attached  to  the 
casting  through  the  reheat  treat  process. 

4.6.2  Test  Specimens  Excised  from  Castings : 

4. 6. 2.1  Replacement  of  test  specimens  shall  be  allowed  for  poor  machining, 
incorrect  test  procedure,  malfunction  of  test  equipment,  or  fracture 
location . 

4. 6. 2. 2  Retesting  shall  be  permitted  by  testing  two  adjacent  specimens. 

Should  it  not  be  possible  to  obtain  adjacent  specimens,  or  if  a 
replacement  specimen  also  fails,  two  additional  castings  shall  be 
tested.  Failure  of  a  specimen  in  a  second  casting  shall  be  cause  to 
consider  the  lot  of  castings  suspect  and  the  purchaser  contacted  for 
material  review  action.  All  castings  shipped  and  in  process  since 
the  last  acceptable  tensile  test  of  a  casting  shall  be  reviewed  for 
disposition. 

4. 6. 2. 3  All  retest  specimens  shall  be  located  to  represent  .as  nearly  as 
possible  the  quality  of  the  metal  of  the  original  test. 

5.  PREPARATION  FOR  DELIVERY: 

5.1  Identification:  Shall  be  in  accordance  with  AMS  2804.  Each  casting 
shall  be  identified  by  an  individual  serial  number  to  I’elate  processing 
of  the  part  with  the  inspection  results  for  traceability. 

5.1.1  Each  casting  .shall  be  identified  by  legible  raised  figures  with  part 
number,  foundry  identification,  and  serial  number  in  the  area  indicated 
on  the  engineering  drawing.  The  serial  number  shall  be  used  only  on  to 
provide  traceability  to  the  processing  of  a  particular  part. 

5.1.2  Each  casting  accepted  by  radiographic  inspection  shall  be  ink  stamped 
in  accordance  with  MIL-STD-453. 
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5.1.3 


Each  ca.st.i  ng  accepted  by  penetrant  Inspection  shal  l  be  ink  stamped  i  i\ 
accordance  with  MIL- I -6866. 

5.1.4  Integrally-attached  coupons  shall  be  identified  by  a  vibroetched  .serial 
number  corresponding  with  the  casting  serial  number, 

5.1.5  Castings  and  the  accompanying  reports  shall  Identify  the  heat  treatment 
and  melt  analysis  of  each  casting  through  the  serial  number. 

5.1.6  When  impregnation  is  specified  or  permitted  by  purchaser,  castings  .so 
treated  shall  be  marked  "IMP" . 

5 . 2  Packaging : 

5.2.1  Castings  shall  be  prepared  for  shipment  in  accordance  with  commercial, 
practice  and  in  compliance  with  applicable  rules  and  regulations 
pertaining  to  the  handling,  packaging,  and  transportation  of  the 
castings  to  ensure  carrier  acceptance  and  safe  delivery. 

5.2.2  For  direct  U.S,  Military  procurement,  packaging  shall  be  in  accordance 
with  ASTM  B  660,  Commercial  Level  unless  Level  A  is  specified  in  the 
request  for  procurement. 

6.  ACKNOWLEDGMENT :  A  vendor  shall  mention  this  specification  number  in  all 
quotations  and  when  acknowledging  purchase  orders. 

2.  REJECTIONS :  Castings  not  conforming  to  this  specif ication ,  or  to 
modif icatiors  authorized  by  purchaser,  will  bt  .abject  to  rejection. 

8  .  NOTES : 

8.1  Dimensions  and  properties  in  inch/pound  units  and  the  Fahrenhiet 
temperatures  are  primary;  dimensions  and  properties  in  SI  units  and 
Celsius  temperatures  are  shown  as  the  approximate  equivalents  of  the 
primary  units  and  are  presented  only  for  information. 

8.2  This  specification  was  developed  specifically  for  sand  composite  molded 
castings;  however,  castings  produced  by  other  processes  may  also  be 
capable  of  satisfying  these  requirements. 

8.3  Aircraft  durability  and  damage  tolerance  structural  quality  is  intended 
to  imply  that  these  castings  will  exhibit  the  integrity  and  reliability 
required  for  primary  aircraft  structural  applications,  particularly  those 
for  which  minimum  fatigue  life  and  fracturi  toughness  are  needed. 
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8 , ‘V  For  direct  U.S.  Military  procurement,  purchase  docuiiieiit  s  should  spoc-ily 
not  less  than  the  following: 

Title,  number,  and  date  of  this  specification 
Part  number  or  pattern  number  of  castings  desired 
Quantity  of  castings  desired 
Level  A  packaging,  if  required  (See  b.2.2) 

8.5  Castings  meeting  the  requirements  of  this  specification  have  been 
classified  under  Federal  Standardization  Area  Symbol  "MECA" . 
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SPECIFICATION 

400  Commonwealth  Dt,,  Warrendale,  PA  15096 
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Submitted  for  recognition 

as  an  American  National  Standard 

ALUMINUM  ALLOY  CASTINGS,  SAND  COMPOSITE 
7,OSi  -  0.58Mg  -  0.1 5Ti  -  0.06Be  (D357.0-T6) 

Solution  and  Precipitation  Heat  Treated 

Aircraft  Structural  Quality  UNS  A03570 


1 .  SCOPE: 

1.1  Fonn:  This  specification  covers  an  aluminum  alloy  in  the  form  of  sand 
composite  molded  castings. 

1.2  Appl ication:  Primarily  for  structural  aircraft  components. 

1.3  Alloy  D357.0  has  restricted  composition  within  the  limits  of  alloy  A357.0. 

2.  APPLICABLE  DOCUflENTS:  The  following  publications  form  a  part  of  this 
specification  to  the  extent  specified  herein.  The  latest  issue  of  Aerospace 
Material  Specifications  and  Aerospace  Recommended  Practices  shall  apply.  The 
applicable  issue  of  other  documents  shall  be  as  specified  in  AMS  2350. 

2.1  SAE  Publications:  Available  from  SAE,  400  Commonwealth  Drive,  Warrendale, 

TA 

2.1.1  Aerospace  Material  Specifications : 

AMS  2350  -  Standards  and  Test  Methods 

AfIS  2360  -  Room  Temperature  Tensile  Properties  of  Castings 

AMS  2694  -  Repair  Welding  of  Aerospace  Castings 

AMS  2804  -  Identification,  Castings 

AMS  4188/5  -  Aluminum  Alloy  Welding  Wire,  7.0Si  -  0.52Mg 

2.1.2  Aerospace  Recommended  Practices : 

ARP  1947  -  Determination  and  Acceptance  of  Dendrite  Arm  Spacing  in 
A1 umi num  Casti ngs 


SAE  'e:hn,ca'  Board  Rulei  provide  that;  "This  report  is  published  by  SAE  to  advance  the  state  of  technical  and 
engin  eering  sciences  The  u.e  ol  this  report  is  entirely  voluntary,  and  its  applicability  and  suitability  (or  any  particular 
use,  including  any  patent  infringement  arising  therefrom,  is  the  sole  responsibility  of  the  user,” 

AMS  documents  are  protected  under  United  States  and  international  copyright  laws  Reproduction  of  these  documents 
bv  anv  me.in',  is  rtrictiv  orohibiled  withou'  the  written  consent  of  the  publisher 
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-  ^  ^ubl  I'catlons:  Available  from  American  Society  for  Testing  and 

"d;;--  a'^s ,  1  916  Race  Street,  Philadelphia,  PA  19103. 

ASTM  B557  -  Tension  Testing  Wrought  and  Cast  Aluminum-  and  Magnesium-Alloy 
Products 

ASTM  E18  -  Rockwell  Hardness  and  Rockwell  Superficial  Hardness  of  Metallic 

Materials 

ASTf  E34  -  Chemical  Analysis  of  Aluminum  and  Aluminum  Alloys 

ASTM  E155  -  Reference  Radiographs  for  Inspection  of  Aluminum  and  Magnesium 
Castings 

2.3  U.S.  Government  Publications:  Available  from  Commanding  Officer,  Naval 
ftibl  ications  and  Forms  Center,  5801  Tabor  Avenue,  Philadelphia,  PA  191.''C. 

2.3.1  Military  Specifications : 

MIL-H-6088  -  Heat  Treatment  of  Aluminum  Alloys 

MIL-I-6866  -  Inspection,  Penetrant  Method  of 

MIL-I-25135  -  Inspection  Materials,  Penetrant 

2.3.2  Military  Standards: 

MIL-STD-410  -  Nondestructive  Testing  Personnel  Qualification  and 

Certification  (Eddy  Current,  Liquid  Penetrant,  Magnetic 
Particle,  Radiographic  and  Ultrasonic) 

MIL-STD-649  -  Aluminum  and  Magnesium  Products,  Preparation  for  Shipment 
and  Storage 

MIL-STD-00453  -  Inspection,  Radiographic 

2.4  AIA  Puol ications:  Available  from  National  Standard  Association,  Inc., 

T321  l4th  Street,  N.W.,  Washington,  DC  20005. 

NAS  823  -  Cast  Surface  Comparison  Standard 


3 .  TECHNICAL  REQUIREMENTS : 

3.1  Composition:  Shall  conform  to  the  following  percentages  by  weight, 
determined  by  wet  chemical  methods  in  accordance  with  ASTM  E34  or  by 
spectrographic  or  other  analytical  methods  approved  by  purchaser: 


min  max 


Si  1  icon 
Magnesium 
T i tani urn 
Beryl  1 i urn 
Iron 

Manganese 

Other  Impurities,  each 
Other  Impurities,  total 
A1 umi num 


6.5  -  7.5 

0.55  -  0.6 
0.10  -  0.20 
0.04  -  0.C7 
0.12 
0.10 
0.05 
0,15 

remai nder 


3.2  Condition;  Solution  and  precioitation  heat  treated. 
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3.3  O.sting:  Castings  shall  be  produced  from  metal  conforming  to  3.1. 

3.3.1  A  melt  shall  be  a  single  homogenous  batch  of  molten  metal  on  which  all 
processing  has  been  completed  and  the  temperature  has  been  adjusted  ready 
for  pouring  castings. 

3.3.2  A  lot  shall  be  all  v:aFcings  poured  from  a  single  melt  in  not  more  than 
eight  consecutive  hours  and  solution  and  precipitation  heat  treated  in  the 
same  heat  treat  batch. 

3.4  Test  Specimens: 

3.4.1  Chemical  Analysis  Specimens:  Shall  be  cast  from  each  melt. 

3.4.2  Integrally-Attached  Coupons:  At  least  two  coupons  snail  be 
integrally-attached  to  each  casting.  The  two  coupons  shall  represent  a 
variation  of  size  of  Dendrite  Arm  Spacing  (DAS).  The  chilled  coupon 
exhibiting  a  small  DAS  shall  be  identified  as  coupon  "A";  the  coupon  of 
large  DAS  shall  be  identified  as  coupon  "B".  These  coupons  shall  be  used 
for  tensile  property  determination  specified  in  3. 6. 1.1  and  microstructure 
evaluation  specified  in  3.6.3.  Additional  coupons  may  be  added  for  retest 
and  foundry  purposes  at  the  option  of  the  foundry. 

3.4. 2.1  Location  and  size  of  the  integrally-attached  coupons  are  optional  with 
the  following  exceptions: 

3. 4. 2. 1.1  The  coupons  shall  be  flat  and  at  least  large  enough  to  permit  excision 
of  a  sub-size  round  tensile  specimen  of  0.250  in.  (6.25  mm)  diameter 
conforming  to  ASTM  B557  with  a  gage  length  of  1  in.  (25  mm). 

3. 4. 2. 1.2  The  coupons  shall  be  located  in  such  a  manner  as  to  avoid  any 
interference  with  inspection  tooling. 

3-4. 2. 2  The  two  coupons  shall  be  produced  with  varying  solidification  rates  to 
develop  a  minimum  DAS  size  difference  of  0.0010  in,  (0.025  mn)  within  a 
tensile  strength  range  of  47,000  -  57,000  psi  (325  -  395  MPa). 

3. 4. 2. 3  The  radiographic  quality  of  the  coupons  shall  meet  the  requirements  for 
designated  areas  of  Table  I. 

3. 4. 2. 4  Removal  and  testing  of  integrally-attached  coupons  for  casting 
acceptance  shall  be  performed  by  a  testing  facility  which  has  been 
approved  by  purchaser  and  the  foundry  and  is  independent  of  the  foundry. 

3.5  Heat  Treatment:  Castings  and  integrally-attached  coupons  shall  be  solution 
and  precipitation  heat  treated  in  accordance  with  MIL-H-6088  except  as 
specified  in  3.5,1  and  3.5.2. 

3.5.1  The  solution  heat  treat  temperature  shall  be  1000“  -  1020*F  (540  -  550‘C). 

3.5.2  The  quenching  and  precipitation  heat  treating  procedure  shall  be 
established  to  develop  the  required  casting  properties. 
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3.6  Properties:  Castings  and  integrally-attached  chilled  coupon  "A"  shall  confoni 
to  the  TFl lowing  requirements; 

3.6.1  Tensile  Properties:  Shall  be  as  follows,  determined  in  accordance  with  ASTM 
B557  and  shall  be  used  as  basis  for  acceptance  of  castings: 

3. 6. 1.1  Integrally-Attached  Chilled  Coupon  **A'':  For  heat  treat  control,  the 
Tol  1  owi' ng  tensile  properties  shall  be  exhibited: 


Tensile  Strength,  min 
Yield  Strength  at  0.2%  Offset 


51 ,000  psi  (.^50  MPa) 
42,000  -  47,000  psi 
(290  -  325  MPa) 


3.6.1 .2 


Specimens  Cut  from  Castings:  Tensile  properties  of  specimens  cut  from  a 
casting  or  castings  shall  Fe  as  follows: 


3. 6. 1.2.1  Designated  Casting  Areas: 


Tensile  Strength, 
Yield  Strength  at 
Elongation  in  40, 


min 

0.2%  Offset,  min 
min  (See  3.6.1 .2,4) 


50,000  psi 
40,000  psi 


(345  MPa) 
(275  MPa) 


45,000  psi 
36,000  psi 
2% 


(310  MPa) 
(260  MPa) 


3. 6. 1.2. 2  Casting  Areas  Other  Than  Designated  Areas: 

Tensile  Strength,  min 
Yield  Strength  at  0.2%  Offset,  min 
Elongation  in  4D,  min  (See  3. 6. 1.2. 4) 

3. 6. 1.2. 3  When  properties  other  than  those  of  3. 6. 1.2.1  or  3. 6. 1.2. 2  are  required, 
tensile  specimens  taken  from  locations  ’ndicated  on  the  drawing,  from  a 
casting  or  castings  chosen  at  random  to  represent  the  lot,  shall  have  the 
properties  indicated  on  the  drawing  for  such  specimens.  Property 
requirements  may  be  designated  in  accordance  with  AMS  2360. 

3. 6. 1.2. 4  Excised  specimens  shall  be  subsize  and  proportional  to  the  standard  round 
or  sheet  type  specimens  defined  in  ASTM  B557.  For  ^heet  type  specimens, 
elongation  shall  be  measured  based  on/4. 5>J~cross -sectional  area. 

cx.  ^ 

3.6.2  Hardness  of  Castings:  Should  be  not  lower  than  90  HRr,  determined  in 
accordance  with  ASTM  E18,  but  castings  shall  not  be  rejected  on  the  basis  of 
hardness  if  the  tensile  property  requirements  of  3, 6. 1.2  are  met. 

3.6.3  Microstructiire:  T.,e  microstructure  of  the  casting  surface  in  the  designated 
areas  oT  the  casting  shall  not  exceed  the  maximum  size  coarseness,  determine: 
in  accordance  with  ARP  1947.  Castings  which  exhibit  an  unacceptable 
microstructure,  shall  be  held  for  disposition  by  purchaser's  cognizant 
engineering  personnel.  Castings  shall  not  be  rejected,  however,  if  the 
requirements  of  3. 6. 1,2  are  met. 
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3.7  Qua!  •'  ty: 

3.7.1  Castings,  as  received  by  purchaser,  shall  be  uniform  in  quality  and 
condition,  sound,  and  free  from  foreign  matt-rials  and  from  Imperfections 
detrimental  to  usage  of  the  castings. 

3. 7. 1.1  Castings  shall  have  a  surface  finish  In  accordance  with  the  engineering 
drawing  and  NAS  823  and  shall  be  well  cleaned. 

3.7.2  Castings  shall  be  produced  under  foundry  control.  This  control  shall 
consist  of  preproduction  examination  of  castings  until  proper  foundry 
technique  and  controls  are  established  which  will  produce  castings  that 
will  meet  the  drawing  quality  and  dimensional  requirements. 

3.7.3  Radiographic  Inspection  shall  be  performed  on  each  casting  In  accordance 
with  MIL-STD-00453.  In  addition.  Type  1  radiographic  film  shall  be  used, 
and  a  maximum  unsharpness  value  of  0.003  in.  (0.08  mm)  and  flaw 
sensitivity  of  li  shall  be  maintained.  ASTM  El 55  shall  be  used  to  define 
radiographic  acceptance  standards  In  accordance  with  Table  I. 

3.7.4  Each  casting  shall  be  subjected  to  fluorescent  penetrant  inspection  In 
accordance  with  MIL-I-6866. 


3. 7. 4.1  The  fluorescent  penetrant  shall  have  a  sensitivity  level  equivalent  to 
group  Y  of  MIL-I-251  35. 

3. 7. 4. 2  Personnel  conducting  the  testing  shall  be  qualified  and  certified  in 
accordance  with  HIL-STD-410. 

3. 7. 4. 3  Linear  indications,  cold  shuts,  cracks,  and  seams  are  not  acceptable. 

3. 7.4.4  Surface  porosity  shall  be  cause  for  rejection  If  the  Individual  pores 
are  closer  than  twice  their  maximum  dimension  to  an  edge  or  extremity  of 
the  casting  or  the  pores  form  a  linear  indication,  i.e.,  three  or  more 
are  in  a  line  and  the  distance  between  each  indication  Is  less  than 
twice  the  maximum  dimension  of  either  adjacent  indication. 

3. 7. 4. 5  Any  Individual  Indication  which  is  three  times  longer  than  It  Is  wide 
shall  be  considered  a  linear  indication  and  Is  not  acceptable. 

3.7.5  Castings  shall  not  be  repaired  by  peening,  plugging,  welding,  or  otner 
methods,  except  as  specified  in  3.7.  5.1. 


3.7. 5.1  Defects  in  non-critical  areas  of  the  casting  may  be  removed  and  the 
castings  repaired  by  welding  In  accordance  with  AMS  2694,  using 
AMS  4188/5  alloy  filler  metal.  The  vendor's  weld  procedures  shall  have 
prior  appro\  1  by  purchaser. 

4.  QUALITY  ASSURANCE  PROVISIONS: 


4.1 


Responsibi 1 i ty  for  Inspection: 
To'r  coordi  nati  ng  all  acceptance 
nijrc  ^a 1  "joDroved  -^ac '  ’ ti=s. 


The  vendor  of  castings  shall  be  responsible 
testing  of  production  castings  at  the 
'^ensi''e  r.estinn  of  scecimens  excised 
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4.1  (Continued): 

periodically  from  castings  and  DAS  determinations,  when  required,  shall  be 
performed  at  a  testing  facility  approved  by  purchaser  and  foundr7  and 
independent  of  the  foundry.  Results  of  such  tests  shall  be  reported  to  the 
purchaser  as  required  by  4.5.  Purchaser  reserves  the  right  to  sample  and  to 
perform  any  ccnf  i  .inatory  testing  deemed  necessary  to  ensure  that  the 
castings  conform  to  the  requirements  of  this  specification. 

4.2  Classification  of  Tests: 


4.2.1  Acceptance  Tests:  Tests  to  determine  conformance  to  requirements  for 
composition  (3, 1 ) ,  tensile  properties  of  i ntegral 1 y-attached  coupons 
(3. 6. 1.1),  tensile  properties  of  specimens  cut  from  casti ngs ■ (3 . 6. 1 . 2 ) , 
and  quality  (3.7)  are  classified  as  acceptance  tests  and  shall  be 
perfonned  on  each  casting,  mr't,  or  lot  as  applicable. 

4.2.2  Penodic  Tests:  Tests  to  determine  conformance  to  requirements  for 
hardness  f3'.’6.  2 )  and  microstructure  (3.6.3),  are  classified  as  periodic 
tests  and  shall  be  peri^ormed  at  a  frequency  selected  by  the  vendor  unless 
frequency  of  testing  is  specified  by  purchaser. 

Pi^gp^oduction  Tests:  Tests  to  determine  conformance  to  all  technical 
reoui  rem'ents  of  this  specification  are  classified  as  preproduction  tests 
and  shall  be  pe-formed  prior  to  or  on  the  first-article  shipment  of  a 
casting  to  a  purchaser,  when  a  change  in  material,  processing,  or  both 
requires  reapproval  as  in  4.4.2,  and  when  purchaser  deems  confirmatory 
testing  to  be  required. 

4.2.3. 1  for  direct  U.S,  Military  procurement,  substantiating  test  data  and,  when 
reouested,  preoroduc t i on  test  material  shall  be  submitted  to  the 
cognizant  agency  as  directed  by  the  procuring  activity,  the  contracting 
officer,  or  the  request  for  procurement. 

4.3  Samp! i ng :  Shall  be  in  accordance  with  the  following: 

^  ^ Tor  Acceptance  Tes  ts : 

4. 3. 1.1  One  chemical  analysis  spec’men  in  accordance  with  3.4.1  from  each  melt. 

4. 3. 1.2  The  destructive  testing  of  castings  for  the  evaluation  of  excised  test 
sopcimpnc;  shal''  occur  at  nhe  followino  frenuenev: 

4. 3. 1.2.1  J__30  s  t  i  nqs  ReceivM:  One  casting  from  each  10  production 

castinas  shall  be  selected  for  destructive  testing. 

4.3.1.?.?  Cas * j n£5  Rec  ej  ved  ihe-ea f ter :  If  no  failure  occurs  in  4.3.1.?.l,  one 
casting  from  each  7:b  production  castings  consecutively  received 
thereafto'"  shall  be  tested.  If  a  failure  occurs,  the  test  frequency 
reverts  to  one  from  each  1C  production  castings  from  the  next  30 
castings  recei ved. 
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4. 3. 1.3  The  tensile  properties  of  an  integrally-attached  coupon  required  by 

3. 6. 1.1  from  each  casting  shall  be  determined.  Removal  of  the  coupon 
shall  only  be  performed  by  a  test  facility  approved  by  purchaser  and 
independent  of  the  foundry. 

4.3.2  For  Periodic  Tests  and  Preproduction  Tests:  As  agreed  upon  by  purchaser 
and  vendor  and  the  following: 

4.3.2. 1  When  required,  specific  test  sites  on  the  casting  and  frequency  of 
evaluating  castings  for  surface  microstructure  shall  be  defined  by 
purchaser  at  the  time  of  preproduction  approval. 

4 . 4  Approval : 

A.**.!  Sample  castings  from  new  or  reworked  patterns  shall  be  approved  by 

purchaser  before  castings  for  production  use  are  supplied,  unless  such 
approval  be  waived  by  purchaser. 

4. 4. 1.1  Two  preproduction  castings  of  each  part  number  shall  be  furnished  to 
purchaser.  Cne  casting  shall  have  been  dimensionally  inspected  by  the 
vendor  and  the  results  shall  be  forwarded  with  the  casting  for 
approval.  The  second  casting  shall  be  supplied  to  purchaser  for 
metallurgical  evaluation.  All  vendor  test  results  obtained  to 
substantiate  the  metallurgical  quality  of  the  casting  shall  be  included. 

4.4.2  Vendor  shall  document  the  parameters  for  the  process  control  factors  which 
will  produce  acceptable  castings.  These  shall  constitute  the  appro\'ed 
casting  procedure  and  shall  be  used  for  producing  production  castings.  If 
necessary  to  make  any  change  in  parameters  for  the  process  control 
factors,  vendor  shall  submit  for  reapproval  a  statement  of  the  proposed 
changes  in  material,  processing,  or  both  and,  when  requested, 
integrally-attached  coupons,  sample  castings,  or  both.  Production 
castings  i ncorporati ng  the  revised  operations  shall  not  be  shipped  prior 
to  receipt  of  written  reapproval. 

•'.4.2.1  Control  factors  for  producing  castings  include,  but  are  not  limited  to, 
the  following: 

Melting  practice  regarding  control  of: 

Chemi stry 
Gas  content 
Melt  temperature 
Grain  Size 

Molding  procedure  regarding: 

Materials  and  assembly 
Gating  and  risering  systems 
Solidification  rate  in  designated  areas 
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4.4.2. 1  (Continued): 

Heat  treatment  practice  regarding: 

Temperature  and  time  parameters 
Load  density 
Quenching  procedure 

Shop  traveler  de.scribing  the  sequence  of  processing,  inspection,  and 
testing. 

4. 4. 2. 1.1  Any  of  the  above  process  control  factors  for  which  parameters  are 
considered  proprietary  by  the  vendor  may  be  assigned  a  code 
designation.  Each  variation  in  such  parameters  shall  be  assigned  a 
modified  code  designation. 

4. 5  Reports: 


4.5.1  The  vendor  of  castings  shall  furnish  with  each  shipment  a  report  showing 
the  results  of  tests  for  chemical  composition  of  each  melt,  tensile 
properties  of  attached  specimens  representing  each  casting  and  specimens 
cut  from  castings  if  applicable,  penetrant  and  radiographic  inspections  of 
each  casting  by  serial  number,  and,  when  performed,  microstructure  and 
hardness  test  results  from  each  lot.  This  report  shall  include  the 
purchase  order  number,  AMS  4241,  part  number,  and  quantity. 

4.5.2  The  vendor  of  finished  or  semi-finished  parts  shall  furnish  with  each 
shipment  a  report  showing  the  purchase  order  number,  AMS  4241,  conti  actor 
or  other  direct  supplier  of  castings,  part  number,  and  quantity.  Wh^n 
castings  for  making  parts  are  produced  or  purchased  by  the  rarts  ven''or, 
that  vendor  shall  inspect  each  lot  of  castings  to  determine  conformance  to 
the  requirements  of  this  specification  and  shall  include  in  the  report 
either  a  statement  that  the  castings  conform  or  copies  of  laboratory 
reports  showing  the  results  of  tests  to  determine  conformance. 

4 . 6  Resampling  and  Retesting: 

4.6.1  Attached  Coupons: 

4.6. 1.1  Replacement  of  the  integrally-attached  coupon  is  permitted  when  an 
isolated  flaw  is  evident  on  the  fracture  face  of  the  broken  tensile 
specimen. 

4.6. 1.2  Testing  is  required  of  an  integrally-attached  chilled  coupon  after 
reheat  treatment.  The  replacement  specimen  shall  be  taken  from  an 
additional  coupon  which  has  remained  integrally  attached  to  the  casting 
through  the  reheat  treat  process. 

4.6.2  Tensile  Specimens  Excised  from  Castings: 

4. 6. 2.1  Replacement  of  tensile  specimens  shall  be  allowed  in  accordance  with 
ASTM  B557  for  poor  machining,  incorrect  test  procedure,  malfunction  of 
test  equ'pment,  or  fracture  location. 
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‘‘.6.2.2  Retesting  of  a  tensile  specimen  excised  from  the  castings  Is  permitted 
only  when  the  fracture  face  Indicates  an  Isolated  gas  hole  or  piece  of 
foreign  material.  Retesting  shall  be  pemitted,  by  testing  two  ad,iacent 
specimens.  Should  it  not  be  possible  to  obtain  adjacent  specimens,  or 
if  a  replacement  specimen  also  fails,  two  additional  castings  shall  be 
tested.  Failure  of  a  tensile  specimen  in  a  second  casting  shall  be 
cause  to  consider  the  lot  of  castings  suspect  and  the  purchaser 
contacted  for  material  review  action.  All  castings  shipped  and  in 
process  since  the  last  acceptable  tensile  test  of  a  casting  shall  be 
reviewed  for  disposition. 

4. 6. 2. 3  All  retest  tensile  specimens  shall  be  located  to  represent  as  nearly  as 
possible  the  quality  of  the  metal  cf  the  original  test.  Isolated  gas 
holes  or  foreign  material  that  are  discernablt  by  production  radiography 
may  be  avoided. 

"  PREPARATION  FOR  DELIVERY: 

5.1  Identi fica li on:  Stiall  be  in  accordance  with  AMS  2804.  Each  casting  shall 
be  identifie'3  by  an  individual  serial  number  to  relate  processing  of  the 
part  with  the  inspection  results  for  traceability. 

5.1.1  Each  casting  shall  be  identified  by  legible  raised  figures  with  part 
number,  foundry  identification,  and  serial  number  in  the  area  indicated  on 
the  engineering  drawing.  The  serial  number  shall  be  used  only  once  to 
provide  traceability  to  the  processing  of  a  particular  part. 

6.1.2  Each  casting  accepted  by  radiographic  inspection  shall  be  ink  stamped  in 
accordance  witi  MIL-STD-00453. 

5.1.3  Each  casting  accepted  by  penetrant  inspection  shall  be  ink  stamped  in 
accc*"dar!ce  with  MIL-I-6866. 

5.1.4  Integrally-attached  coupons  shall  be  identified  by  a  vibroetched  serial 
number  corresponding  with  the  castings  serial  number  and  letter  "A"  or  "B" 
to  indicate  the  relative  size  of  DAS. 

5.1.5  Castings  and  the  accompanying  reports  shall  identify  the  heat  treatment 
and  melt  analysis  of  each  casting  through  the  serial  number. 

5.1.6  When  impregnation  is  specified  or  permitted  by  purchaser,  castings  shall 
be  marked  "IMP". 

5 . 2  Packagi ng : 

5.2  Castings  shall  be  prepared  for  shipment  in  accordance  with  commercial 
practice  and  in  compliance  with  applicable  rules  and  regulations 
oertaining  to  the  handling,  packaging,  and  transportation  of  the  castings 
to  ensure  carrier  acceptance  and  safe  delivery.  Packaging  shall  conforri 
to  carrier  rules  and  regulations  applicable  to  the  mode  of  transportat i on. 
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5.2.2  For  direct  L'^S.  Military  procurement,  packaging  shall  be  in  accordance 
with  MIL-.$TD-649,  Level  «  or  Level  C,  as  specified  in  the  request  for 
procurement.  Commercial  packaging  as  in  5.2.1  will  be  acceptable  if  it 
meets  the  requirements  of  Level  C. 

6.  ACKNOWLtDGME>JT:  A  vendor  shall  mention  this  specification  number  in  all 
quotations  and  when  acknow'' edging  purchase  orders. 

7.  REJFCTIOfiS:  Castings  not  conforming  to  this  specification  or  to 
modifications  authorized  by  purchaser  will  be  subject  to  rejection. 

8.  NOTES: 

8.1  Dimensions  and  properties  in  inch/pound  units  and  the  Fahrenheit 
temperatures  are  primary;  dimensions  and  properties  in  SI  units  and  the 
Celsius  temperatures  are  shown  as  the  approximate  equivalents  of  the  primary 
units  and  are  presented  only  for  information. 

8.2  This  specification  was  developed  specifically  for  sand  composite  molded 
castings;  however,  castings  produced  by  other  processes  may  also  be  capable 
of  satisfying  these  requirements. 

8.3  Aircraft  structural  quality  is  intended  to  imply  that  these  castings  will 
exhibit  the  integrity  and  reliability  required  for  primary  aircraft 
structural  applications. 

8.4  For  direct  U.S.  Military  procurement, '  purchase  documents  should  specify  not 
less  than  the  following: 

\ 

Title,  number,  and  date  cf  this  specification 
Part  number  or  pattern  number  of  castings  desired 
Quantity  of  castings  desired 
Applicable  level  of  packaging  (See  5.2.2) 

8.5  Castings  meeting  the  requirements  of  this  specification  have  been  classified 
under  Federal  Standardization  Area  Symbol  "MECA". 
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TABLE  I 

Maximum  acceptance  defects  in  sluminum  alloy  castings  (maximum  permissible 
radiograph  in  accordance  with  ASTM  E155): 


Defects 

Radiograph 

Reference 

Desi gnated 
Areas 

Othe 

Area 

Gas  holes 

1.1 

1 

2 

Gas  porosity  (round) 

1.21 

1 

3 

Gas  porosity  (elongated) 

1.22 

1 

3 

Shrinkage  cavity 

2.1 

1 

2 

Shrinkage  porosity  or  sponge 

2.2 

1 

2 

Foreign  material  (less  dense) 

3.11 

1 

2 

Foreign  material  (more  dense) 

3.12 

1 

2 

Segregation 

— 

none 

none 

Cracks  • 

— 

none 

none 

Cold  shuts 

— 

none 

none 

Laps 

— 

none 

none 

NOTES: 

(1)  When  two  or  more  types  of  defects  are  present  to  an  extent  equal  to  or  not 
significantly  better  than  the  acceptance  standards  for  respective  defects, 
the  parts  shall  be  rejected. 

(2)  When  two  or  more  types  of  defects  are  present  and  the  predominating  defect 
is  not  significantly  better  than  the  acceptance  standard,  the  part  shall  be 
considered  borderline  and  shall  be  reviewed  for  disposition  by  the  cognizant 
engineering  personnel. 

(3)  Gas  holes  or  sand  spots  and  inclusions  allowed  by  this  table  shall  be  cause 
for  rejection  when  closer  than  twice  their  maximum  dimension  to  an  edge  or 
extremity  of  a  casting. 
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RECOMMENDED  CHANGES  TO  AMS  4242  SPECIFICATION 


The  following  changes  to  the  indicated  sections  of  AMS  4241 
specification  for  aluminum  casting  alloy  B201.0  are  recommended.  All 
sections  not  shown  below  shall  remain  per  AMS  4242. 

3.  TECHNICAL  REQUIREMENTS: 

3.5  He,^t  Treatment:  Castings  and  integrally-attached  test  coupons 
shall  be  hot  isostatically  pressed  (HIP)  as  specified  in  3.5.3  and  shall 
be  solution  and  precipitation  heat  treated  in  accordance  with  HIL-H-6088 
except  as  specified  in  3.5.1  and  3.5.2. 

3.5.3  Hot  Isostatic  Pressing:  All  castings  and  integrally-attached 
coupons  shall  be  HIPed  prior  to  heat  treatment.  A  step  treatment  of  910 
to  930°F  (490  to  500'‘C)  for  not  less  than  two  hours  then  r.iised  to  940 
to  960°F  (505  to  515°C)  at  a  pressure  of  15,000  psi  for  not  less  th.-'.n 
three  hours  is  recommended. 
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ALUMINUM  ALLOY  CASTINGS,  SAND  COMPOSITE 
4.7Cu  -  O.eOAg  -  0.35Mn  -  0.25Mg  -  0.25T1  (B201.C-T7) 

Solution  Heat  Treated  and  Overaged 

Aircraft  Structural  Quality  UNS  A02010 


1.  SCOPE: 

1.1  Form:  This  specification  covers  an  aluminum  alloy  in  the  form  of  sand 
composite  molded  castings. 

1-2  Appl i cation:  Primarily  for  structural  aircraft  components. 

1.3  Alloy  B201.0  has  restricted  composition  within  the  limits  of  alloy  A201.0. 

2.  APPL ICABLE  DOCUMENTS:  The  following  publications  form  a  part  of  this 
specification  to  the  extent  specified  herein.  The  latest  issue  of  Aerospace 
Material  Specifications  shall  apply.  The  applicable  issue  of  other  documents 
shall  be  as  specified  in  AMS  2350. 

2.1  SAE  Publications:  Available  from  SAE,  400  Commonwealth  Drive,  Warrendale, 
TK  "1 5096“ 

2.1.1  Aerospace  Material  Specifications : 

AMS  2350  -  Standards  and  Test  Methods 

AMS  2360  -  Room  Temperature  Tensile  Properties  of  Castings 
AMS  2804  -  Identification,  Castings 

2.2  ASTM  Publications:  Available  from  American  Society  for  Testing  and 
Materials,  1916  Race  Street,  Philadelphia,  PA  19103. 

ASTM  B557  -  Tension  Testing  Wrought  and  Cast  Aluminum-  and  Magnesium- 
Alloy  Products 

ASTM  E18  -  Rockwell  Hardness  and  Rockwell  Superficial  Hardness  of 

Metal  1 ic  Materials 

ASTM  E34  -  Chemical  Analysis  of  Aluminum  and  Aluminum  Alloys 


SAfc  Technical  Board  Rules  provide  thai  "This  report  is  published  by  SAE  to  advance  the  state  of  technical  and 
engineering  sciences.  The  use  of  this  report  is  entirely  voluntary,  and  its  applicability  and  suitability  for  any  particular 
use,  including  any  patent  infringement  arising  therefrom,  is  the  sole  responsibility  of  the  user." 

AMS  documents  are  protected  under  United  Statesand  international  copyright  laws.  Reproduction  of  these  documenTs 
by  any  means  is  strictly  prohibited  without  the  written  consent  of  the  publisher. 


Copyright  1986  Society  of  Automotive  Engineers.  Inc. 


Printed  in  U  S  A 


2.2  (Continued): 


ASTM  El 55  -  Reference  Radiographs  for  Inspection  of  Aluminum  and 
Magnesium  Castings 

ASTM  G44  -  Alternate  Immersion  Stress  Corrosion  Testing  in  3,5%  Sodium 

Chloride  Solution 


2.3  U.S.  Government  Publ ications:  Available  from  Commanding  Officer,  Kaval 
Publications  and  Forms  Center,  5801  Tabor  Avenue,  Philadelphia,  PA  19120. 


2.3.1  Military  Specifications : 

MIL-H-6088  -  Heat  Treatment  of  Aluminum  Alloys 
MIL-I-6866  -  Inspection,  Penetrant  Method  of 

MIL-I-25135  -  Inspection  Materials,  Penetrant 

2.3.2  Military  Standards : 

MIL-STD-410  -  Nondestructive  Testing  Personnel  Qualification  and 

Certification  (Eddy  Current,  Liquid  Penetrant,  Magnetic 
Particle,  Radiographic  and  Ultrasonic) 

MIL-STD-00453  -  Inspection,  Radiographic 

MIL-STD-649  -  Aluminum  and  Magnesium  Products,  Preparation  for 
Shipment  and  Storage 

MIL-STD-1537  -  Electrical  Conductivity  Test  for  Measurement  of  Heat 
Treatment  of  Aluminum  Alloys,  Eddy  Current  Method 

2.4  AIA  Publications:  Available  from  National  Standards  Association,  Inc.,  1321 
14th  Street,  N.W. ,  Washington,  DC  20005. 


NAS  823  -  Cast  Surface  Comparison  Standard 


3.  TECHNICAL  REQUIREMENTS: 

3.1  Composition:  ■  Shall  conform  to  the  following  percentages  by  weight, 
determined  by  wet  chemical  methods  in  accordance  with  ASTM  E34  or  by 
spectrographic  or  other  analytical  methods  approved  by  purchaser: 


min  max 


Copper 

Sil ver 

Manganese 

Magnesi urn 

Titanium 

Iron 

Silicon 

Other  Impurities,  each 
Other  Impurities,  total 
A1 umi num 


4,5  -  5.0 
0.40  -  0.8 
0.20  0.50 

0.20  -  0.30 
0.15  -  0.35 
0.05 
0.05 
0.05 
0.15 

remainder 


Condi tion:  Solution  and  precipitation  heat  treated  (overaged). 
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^flsting:  Castings  shall  be  produced  from  metal  conforming  to  3.1. 

; . j , ■  -  “elt  shall  be  a  single  homogenous  batch  of  molten  metal  on  which  all 

processing  has  been  completed  and  the  temperature  has  been  adjusted  ready 
for  pouring  castings. 

3.3.2  A  lot  shall  be  all  castings  poured  from  a  single  melt  in  not  more  than 

eight  consecutive  hours  and  solution  and  precipitation  heat  treated  in  the 
same  heat  treat  batch. 

3.4  Test  Specimens: 

3.4.1  Chemical  Analysis  Specimens:  Shall  be  cast  from  each  melt. 

3.4.2  Integrally-Attached  Coupons:  Each  casting  shall  have  at  least  two 

i ntegral ly-attached  coupons.  One  coupon  shall  be  left  attached  and  used 
only  in  the  event  that  reheat  treatment  is  necessary. 

3.5  Heat  Treatment:  Castings  and  integrally-attached  test  coupons  shall  be 
solution  and  precipitation  heat  treated  in  accordance  with  MIL-H-6088  except 
as  specified  in  3.5.1  and  3.6.2. 

3.6.1  All  castings  and  integrally-attached  coupons  shall  be  solution  heat 
treated  and  overaged  in  such  a  manner  as  to  ensure  conformance  to  the 
requirements  of  3.6.  A  step  solution  treatment  of  945*  -  965*F 
(505*  -  520*0  for  not  less  than  2  hr  then  raised  to  970*  -  990*F 

(520°  -  53C'“C)  for  not  less  than  14  hr  is  recommended.  Precipitation  heat 
treatment  at  365*  -  375*F  (185*  -  190°C)  for  not  less  than  5  hr  is 
required. 

3.5.2  The  integrally-attached  coupons  shall  remain  attached  to  the  casting  until 
removed  by  a  test  facility  approved  by  purchaser. 

Properties:  Castings  and  integrally-attached  test  coupons  shall  conform  to 
the  fol 1  owing  requirements: 

Tensile  Properties:  Shall  be  as  follows,  determined  in  accordance  with 
ASTM  8557  and  shall  be  used  as  basis  for  acceptance  of  castings: 

3.6. 1.1  Integrally-Attached  Coupons: 

Tensile  Strength,  min  62,000  psi  (425  MPa) 

Yield  Strength  at  0.2%  Offset,  min  55,000  psi  (380  'Ta ' 

Elongation  in  4D,  min  5t 

3.6. 1.2  Specimens  Cut  from  Castings:  Tensile  properties  of  specimens  cut  from  a 
casting  or  castings  shall  be  as  follows: 

3 . 6 . 1 . 2 . 1  Designated  Casting  Areas : 

Tensile  Strength,  min  60,000  psi  (415  MPa) 

Yield  Strength  at  0.2^  Offset,  min  60,000  psi  (345  MPa) 

Elongation  in  40,  min  (See  3. 6. 1,2. 4)  3% 
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Tensile  Strength,  min 

Yield  Strength  at  0.2%  Offset,  min 

Elongation  in  40,  min  (See  3. 6. 1.2. A) 


treas : 


56,000  psi  (385  MPa) 

48,000  psi  (330  MPa) 

?% 

3. 6. 1.2. 3  When  properties  other  than  those  of  3. 6. 1.2.1  or  3. 6. 1.2, 2  are 
required,  tensile  specimens  taken  from  locations  indicated  on  the 
drawing,  from  a  casting  or  castings  chosen  at  random  to  represent  the 
lot,  shall  have  the  properties  indicated  on  the  drawing  for  such 
specimens.  Property  requirements  may  be  designated  in  accordance  with 
AMS  2360. 

3. 6. 1.2. 4  Excised  specimens  shall  be  proportional  to  the  standard  round  or  sheet 
type  specimens  defined  in  ASTM  B557.  For  sheet  type  specimens, 
elongation  shall  be  measured  based  on  4. 5  >Jcross-sectiona1  area. 

3.6.2  Hardness  of  Castings:  Should  be  not  lower  than  70  HRB,  determined  in 
accordance  with  ASTM  £18,  but  castings  shall  not  be  rejected  on  the  basis 
of  hardness  if  the  tensile  property  requirements  of  3. 6. 1.2  are  met. 

3.6.3  Electrical  Conductivity:  Casting  shall  exhibit  a  minimum  electrical 
conductivity  of  3U  lACS,  determined  by  the  procedure  of  MlL-STD-1 537. 

3.6.4  Stress-Corrosion  Resistance:  A  specimen  as  in  4.3.5,  cut  from  the 
^ignate'd  area” of  the  casting  or  from  an  attached  coupon  shall  show  no 
evidence  of  stress-corrosion  cracking  when  tested  for  30  days  in 
accordance  with  ASTM  G44  at  a  stress  of  37,500  psi  (260  MPa). 

3,7  Dual  Hy; 

3.7.1  Castings,  as  received  by  purchaser,  shall  be  uniform  in  quality  and 
condition,  sound,  and  free  from  foreign  materials  and  from  imperfections 
detrimental  to  usage  of  the  castings. 

3. 7. 1.1  Castings  shall  have  a  surface  finish  in  accordance  with  engineering 
drawing  and  NAS  823  and  shall  be  well  cleaned. 

3.7.2  Castings  shall  be  produced  under  foundry  control.  This  control  shall 
consist  of  preproduction  examination  of  castings  until  proper  foundry 
technique  ai.d  controls  are  established  which  will  produce  castings  that 
will  meet  thp-  drawing  quality  and  dimensional  requirements. 

3.7.3  Radiographic  inspection  of  each  casting  shall  be  performed  in  accordance 
with  MIL-STD-00453.  In  addition.  Type  I  radiographic  film  shall  be  used, 
and  a  maximum  unsharpness  value  of  0.003  in.  (0.08  mm)  and  flaw 
sensitivity  of  H  shall  be  maintained.  ASTM  El  55  shall  be  used  to  define 
radiographic  acceptance  standards  in  accordance  with  Table  I. 

3.7.4  Each  casting  shall  be  subjected  to  fluorescent  penetrant  inspection  in 
accordance  with  MIL-I-6866. 
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The  fluorescent  penetrant  shall  have  a  sensitivity  level  equivalent  to 
V  cf  MIL-I-25135. 

3. 7. 4. 2  Personnel  conducting  the  testing  shall  be  qualified  and  certified  in 
accoroance  with  MIL-STD-410. 

3. 7. 4. 3  Linear  1 ndicat^ons ,  cold  shuts,  cracks,  and  seams  are  not  acceptable. 

3. 7.4.4  Surface  porosity  shall  be  cause  for  rejection  If  the  individual  pores 
are  closer  than  twice  their  maximum  dimension  to  an  edge  or  extremity  of 
the  casting  or  the  pores  form  a  linear  indication;  i.e.,  three  or  more 
are  in  a  line  and  the  distance  between  each  indication  is  less  than 
twice  the  .naximum  dimension  of  either  adjacent  indication. 

3. 7.4. 5  Any  individual  indication  which  is  five  times  longer  than  it  is  wide 
shall  be  considered  a  linear  indication  and  is  not  acceptable. 

3.7.5  Castings  shall  not  be  repaired  by  peening,  plugging,  welding,  or  other 
methods,  except  as  defined  in  3. 7, 5.1. 

3.7. 5.1  Defects  in  non-cri tical  areas  of  the  casting  may  be  removed  and  the 
castings  repaired  by  welding  in  accordance  with  AMS  2694.  The  vendor's 
weld  procedures  shall  have  prior  approval  by  purchaser. 

3.7.6  Castings  shall  not  be  impregnated,  chemically  treated,  or  coated  to 
prevent  leakage,  unless  specified  or  allowed  by  written  permission  of 
purchaser,  designating  the  method  to  be  used. 

4.  quality  AS$UP.AHCE  PROVISIOiiS: 

4.1  Responsibility  for  Inspection:  The  vendor  of  castings  shall  be  responsible 
for  obtaining  all  required  tests  at  purchaser's  approved  facilities. 

Removal  and  testing  of  tensile  specimens  from  castings  in  accordance  with 
3. 6. 1.2  shall  be  performed  at  a  facility  that  is  approved  by  purchaser  and 
foundry  and  independent  of  the  foundry.  Results  of  such  tests  shall  be 
reported  to  the  purchaser  as  required  by  4.5.  Purchaser  reserves  the  right 
to  sample  and  to  perform  any  confirmatory  testing  deemed  necessary  to  ensure 
that  the  castings  conform  to  the  requirements  of  this  specification. 

4 . ?  Classification  of  Tests : 

4.2.1  Acceptance  Tests:  Tests  to  determine  conformance  to  requirements  for 
compos  i  C'lOn  [3. 1 ) ,  tensile  properties  of  integral  ly-attachec  ccuporis 
(3. 6, 1.1),  tensile  properties  of  specimens  cut  from'  castings  (3. 6. 1.2), 
electrical  conductivity  (3.6.3)  and  quality  (3.7)  are  classified  as 
acceptance  tests  and  shall  be  performed  on  each  casting,  melt,  or  lot  as 
appl icabl e. 

4.2.2  Periodic  Jgsts:  Tests  to  determine  conformance  to  requirements  for 
KFrdness  (3.6.2)  and  stress-corrosion  resistance  (3.6.4)  arc  classified  as 
periodic  test';  and  shall  be  performed  at  a  frequency  selected  by  the 
vendor  unless  frequency  cf  testing  is  specified  by  purchaser. 
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4.2.3  Preproduction  l^ests:  Tests  to  determine  conformance  to  all  technical 
reqiji rements  of  this  specification  are  classified  as  preproduction  tests 
and  shall  be  performed  prior  to  or  on  the  first-article  shipment  of  a 
casting  to  a  purchaser,  when  a  change  in  material,  processing,  or  both 
requires  reapproval  as  in  4^4. 2,  and  when  purchaser  deems  confirmatory 
testing  to  be  required. 

4. 2. 3.1  For  direct  U.S.  Military  procurement,  substantiating  test  data  and,  when 
requested,  preproduction  test  material  shall  be  submitted  to  the 
cognizant  agency  as  directed  by  the  procuring  activity,  the  contracting 
officer,  or  the  request  for  procurement. 

4.3  Sampling:  Shall  be  in  accordance  with  the  following: 

4.3.1  For  Acceptance  Tests: 

4. 3. 1.1  One  chemical  analysis  specimen  in  accordance  with  3.4.1  from  each  melt. 

4. 3. 1.2  The  destructive  testing  of  castings  for  the  evaluation  of  excised 
tensile  specimen  shall  occur  at  the  following  frequency: 

4. 3. 1.2.1  First  30  Castings  Received:  One  casting  from  each  10  production 
castings  shall  lie  selected  for  destructive  testing  in  accordance  with 
the  requirements  of  3. 6. 1.2. 

4.3. 1.2.2  Castings  Received  Thereafter:  If  no  failure  occurs  in  4. 3. 1.2.1,  one 
casting  from  each  25'  production  castings  consecutively  received 
thereafter  shall  be  tested.  If  a  failure  occurs,  the  test  frequency 
reverts  to  one  from  eJich  10  production  castings  from  the  next  30 
castings  received. 

4. 3. 1.2. 3  Excised  tensile  specimens  shall  be  either  subsize  specimens 
proportional  to  the  standard  round  or  standard  sheet  type  specimens 
defined  in  ASTM  B557. 

4. 3. 1.3  The  tensile  properties  of  an  integrally-attached  coupon  from  each 
casting  shall  be  determined. 

4. 3. 1.4  Each  casting  shall  be  radiographically  and  fluorescent  penetrant 
i nspected. 

4. 3. 1.5  The  electrical  conductivity  of  an  i ntegral ly-attached  coupon  of  each 
casting  shall  be  determined, 

4.3.2  For  Periodic  T^sts  and  Preproduction  Tests:  As  agreed  upon  by  purchaser 
and  vendor  and  the  following: 

4.3.2. 1  Specimens  for  stress-corrosion  tests  shall  be  round  specimens,  not  less 
than  0.250  in.  (6.25  mm)  in  diameter  in  the  reduced  section.  Whenever 
practicable,  specimens  shall  be  taken  from  the  designated  areas  of  the 
casting  as  shown  on  the  engineering  drawing.  Specimens  from 
integrally-attached  coupons  are  acceptable  if  size  of  the  casting  does 
not  oermit  excision  of  0.260  in.  (6.25  mm)  diameter  specimen. 


•J.4,1  Sample  castings  from  new  or  reworked  patterns  shall  be  approved  by 

purchaser  before  castings  for  production  use  are  supplied  unless  such 
approval  be  waived  by  purchaser. 

4.4.1. 1  Two  preproduction  castings  of  each  part  number  shall  be  furnished  to  the 
purchaser.  One  casting  shall  have  been  dimensionally  inspected  by  the 
vendor  and  the  results  shall  be  forwarded  with  the  casting  for 
approval.  The  second  casting  shall  be  for  metallurgical  evaluation. 

All  vendor  test  results  obtained  to  substantiate  the  metallurgical 
quality  of  the  casting  shall  be  included. 

4.4.2  Vendor  shall  document  the  parameters  for  the  process  control  factors  which 
will  produce  acceptable  castings;  these  shall  constitute  the  approved 
casting  procedure  and  shall  be  used  for  producing  production  castings.  If 
necessary  to  make  any  change  in  parameters  for  the  process  control 
factors,  vendor  shall  submit  for  reapproval  a  statement  of  the  proposed 
changes  in  material,  processing,  or  both  and,  when  requested,  test 
specimens,  san.ple  castings,  or  both.  Production  castings  incorporating 
the  revised  operations  shall  not  be  shipped  prior  to  receipt  of  written 
reapproval . 

4.4.2. 1  Control  factors  for  producing  castings  include,  but  are  not  limited  to, 
the  following: 

Melting  practice  regarding  control  of: 

Chem i stry 
Gas  content 
Grain  siie 
Melt  temperature 

Molding  procedure  regarding: 

Materials  and  assembly 
Gating  and  risering  systems 

Heat  treatment  practice  regarding: 

Temperature  and  time  paran-.tters 
Load  oensity 
Cuc-nching  procedure 

Shop  traveler  describing  the  sequence  of  proce- *■  ing ,  inspection,  and 
testing. 

4. 4. 2. 1.1  Any  of  the  above  process  control  factors  for  which  parameters  are 
considered  proprietary  by  the  vendor  may  be  assigned  a  code 
designation.  Each  variation  in  such  parameters  shall  be  assigned  a 
modified  cooe  designation. 


AMS  4242 


Page  8 


1 


4.5  Reports: 

4.5.1  The  vendor  of  castinps  shall  furnish  with  each  shipment  a  report  showing 
the  results  of  tests  or  chemical  composition  of  each  mel-t,  tensile 
properties  of  attached  specimens  representing  each  casting  and  specimens 
cut  from  casting,  if  applicable,  and  penetrant  and  radiographic  inspection 
of  each  casting  by  serial  number.  This  report  shall  Include  the  purchase 
order  number,  AMS  4242,  lot  .lumber,  pa-t  number,  and  quantity. 

4.5.2  The  vendor  of  finishe.:  .  r  semi-finished  parts  shall  furnish  with  each 
shipment  a  report  showing  the  purchase  order  number,  AMS  4242,  contractor 
or  other  direct  supplier  of  castings,  part  number,  and  quantity.  When 
castings  for  making  parts  are  produced  or  purchased  by  t’.e  parts  vendor, 
that  vendor  shall  inspect  each  lot  of  castings  to  determine  conformance  to 
the  requirements  of  this  specification  and  shall  Include  in  the  report 
either  a  statement  that  the  ;a3tings  conform  or  copies  of  laboratory 
reports  showing  ti"'.  results  of  tests  to  determine  conformance. 

4 . 6  Resampling  and  Retesting : 

4.6.1  Attached  Coupcna . 

4„(’.1.1  Ret* '  iting  of  the  integ'-al ly-attached  coupon  'r  permitted  when  an 

isolated  flaw  is  evident  on  the  fracture  face  the  broken  tensile 
specimen. 

4.5. 1.2  Testing  is  required  of  <n  integrally-attached  coupon  after  reheat 
treatment.  The  replacement  specimen  shall  be  taken  from  the  second 
coupon  which  has  remained  ‘ntegrally  attached  to  the  casting  through  the 
reheat  treat  process. 

4.6.2  Tensile  Specimens  Excised  From  Castings ; 

4. 6. 2.1  Replacement  of  tensile  specimens  shall  bo  allowed  in  accordance  with 
ASTM  B557  for  poor  machining,  incorrect  lest  procedure,  malfunction  of 
test  equipment,  or  fracture  location. 

4.6. 2.2  Retesting  of  a  tenile  specimen  excise i  from  the  castings  is  permitted 
only  when  the  fraccure  face  indicates  an  i  •, dated  gas  hole  or  piece  of 
foreign  material.  Retesting  shall  be  permitted  by  testing  two  adjacent 
specimens.  Should  U  not  be  possible  to  obtain  adjacent  specimens,  or 
if  a  replacement  specimen  also  fails,  two  additicial  castings  shall  be 
tested.  Failure  of  a  tensile  specimen  in  a  second  casting  shall  be 
cause  to  consider  the  lot  of  castings  suspect  and  the  purchaser 
contacted  for  material  review  action.  All  casting?  shipped  and  in 
process  since  the  last  acceptable  tensile  test  of  i  casting  shall  be 
reviewed  for  disposition. 

4.6. 2.3  All  retest  tensile  specimens  shall  be  located  to  reoresent  as  nearly  as 
possible  the  quality  of  the  metal  of  the  original  ti?st.  Isolated  flaws 
that  are  discernable  by  production  radiography  may  lie  avoided. 
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5.  P?E:rARATTON  FOR  DELIVERY: 


:.l  Icenti fication:  Shall  be  1n  accordance  with  AMS  2804. 

5.1.1  Each  casting  shall  be  identified  by  legible  raised  figures  with  part 
number,  foundry  identification,  and  serial  number  in  the  area  indicated  on 
the  engineering  drawing.  The  serial  number  shall  be  used  only  once  to 
provide  traceability  to  the  processing  of  a  particular  part, 

5.1.2  Each  casting  accepted  by  radiographic  inspection  shall  be  ink  stamped  in 
accordance  with  MI L-STD-00453. 

5.1.3  Each  casting  accepted  by  penetrant  inspection  shall  be  ink  stamped  in 
accordance  with  MIL-I-6866. 

5.1.4  Integrally-attached  coupons  or  pro'^ongations  shall  be  identified  by  a 
vibroetched  serial  number  corresponding  with  the  casting  serial  number. 

5.1.5  Castings  and  the  accompanying  reports  shall  identify  the  heat  treat  batch 
and  melt  number  to  the  individual  casting  through  the  serial  number. 

5.1.6  When  impregnation  is  specified  or  permitted  by  purchaser,  castings  shall 
be  marked  "IMP"  by  ink  stamp. 

5.2  Packagi ng: 

5.2.1  Castings  shall  be  prepared  for  shipment  in  accordance  with  comrnercial 
practice  and  in  compliance  with  applicable  rules  and  regulations 
pertaining  to  the  handling,  packaging,  and  transportation  of  the  castings 
to  ensure  carrier  acceptance  and  safe  delivery.'  Packaging  shall  conform 
to  carrier  rules  and  regulations  applicable  to  the  mode  of  transportation. 

5.2.2  Fo'-  direct  U.S.  Military  procurement,  packaging  shall  be  in  accordance 
with  MIL-STD-649,  Level  A  or  Level  C,  as  specified  in  the  request  for 
procurement.  Commercial  packaging  as  in  6.2.1  will  be  acceptable  if  it 
meets  the  requirements  of  Level  C. 

ACKNOWLEDGMENT:  A  vendor  shall  mention  this  specification  number  in  all 
quotations  and  when  acknowledging  purchase  orders. 

REJECTIONS:  Castings  not  conforming  to  this  specification  or  to 
modifications  authorized  by  purchaser  wil 1  be  subject  to  rejection. 

c.  NOTE  5: 

8.1  Dimensions  and  properties  in  inch/pound  units  and  the  Fahrenheit 
temperatures  are  primary;  dimensions  and  properties  in  SI  units  and  the 
Celsius  temperatures  are  shown  as  the  approximate  equivalents  of  the  primary 
units  and  are  presented  only  for  information. 

8.2  Porosity  on  the  surface  of  the  stress-corrosion  specimen  may  accelerate 
corrosion  due  to  entrapment  of  the  saline  solution  and  result  in  premature 

^ai 1 urp . 

I 


S4£  AMS  4242 


8.3  Aircraft  structural  quality  is  intended  to  imply  that  these  castings  will 
exhibit  the  integrity  and  reliability  required  of  primary  aircraft 
structural  applications. 

8.4  This  specification  was  developed  specifically  for  sand  composite  molded 
castings  however  castings  produced  by  other  processes  may  also  be  capable  of 
satisfying  these  requirements. 

8.5  For  direct  U.S.  Military  procurement,  purchase  documents  should  specify  not 
less  than  the  following: 

Title,  number,  and  date  of  this  specification 
Part  number  or  pattern  number  of  castings  desired 
Quantity  of  castings  desired 
Applicable  level  of  packaging  (See  5.2.2) 

8.6  Castings  meeting  the  requ1*”ements  of  this  specification  have  been  classified 
under  Federal  Standardization  Area  Symbol  "MECA". 


cpec'^icat'on  Is  unde-  the  :ur-'’ sd’ction  of  AMS  Committee  “D", 


498 


Page  11 


SA£  AMS  4242 


I 


TABLE  I 

Mao-ijm  acceptance  defects  in  aluminum  alloy  castings  (maximum  permissible 
radioorapti  in  accordance  with  ASTM  El 55) 


Defects 

Radiograph 

Reference 

Designated 

Areas 

Other 

Areas 

Gas  holes 

1.1 

1 

2 

Gas  porosity  (round) 

1.21 

1 

3 

Gas  porosity  (elongated) 

1.22 

1 

3 

Shrinkage  cavity 

2.1 

1 

2 

Shr"’nkage  porosity  or  sponge 

2.2 

1 

2 

Foreign  material  (less  dense) 

3.11 

1 

2 

Foreign  material  (more  dense) 

3.12 

1 

2 

Segregation 

•  •  • 

none 

none 

Cracks 

•  •  • 

none 

none 

Cold  shuts 

•  •  • 

none 

none 

Laps 

•  •  • 

none 

none 

NOTES: 

(1)  When  two  or  more  types  of  defects  are  present  to  an  extent  equal  to  or  not 
significantly  better  than  the  acceptance  standard':  for  respective  defects, 
the  parts  shall  be  rejected. 

(2)  When  two  or  more  types  of  defects  are  present  and  the  predominating  defect 
is  not  significantly  better  than  the  acceptance  standard,  the  part  shall  be 
considered  borderline  and  shall  be  reviewed  for  disposition  by  the  cognizant 
engineering  personnel. 

(3)  Gas  holes  or  sand  spots  and  inclusions  allowed  by  this  table  shall  he  cause 
for  rejection  when  closer  than  twice  their  maximum  dimension  to  an  edge  or 
extremity  of  a  casting. 


A99 


APPENDIX  L 
PHASE  I,  TASK  3 

HYDROGEN  CONTENT  AND  EQUIVALENT 
INITIAL  FLAW  SIZE  OF  GAS  POROSITY 
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TABLE  L- 1 .  HYDROGEN  CONTENT  AND  EQUIVALENT  INITIAL 
FLAW  SIZE  OF  THE  PHASE  I,  TASK  3  STRESS-LIFE 
FATIGUE  SPECIMENS  (Kt  =  1.0) 


GRADE 

STRESS 

(KSI) 

CYCLES 

TO 

FAILURE 

BULK  (1) 
HYDROGEN 
(PPM) 

EIFS 

(INCH) 

A/B 

30 

1,384,680 

0.062 

0.0076 

40 

132,188 

0.035 

0.0124 

B 

20 

773,529 

0.171 

0.0328 

20 

580,111 

0.184 

0.0373 

20 

547,523 

0.128 

0.0383 

25 

215,005 

0.201 

0.0348 

25 

140,902 

0.134 

0.0418 

30 

507,830 

0.107 

0.0138 

30 

224,487 

0.125 

0.0215 

30 

101,852 

0.164 

0.0318 

40 

75,492 

0.075 

0.0170 

40 

86,647 

0.120 

0.0158 

40 

15,835 

0.177 

0.0369 

45 

84,384 

0.105 

0.0111 

45 

9,458 

0.144 

0.0349 

C 

20 

285,991 

0.304 

0.0500 

20 

272,006 

0.510 

0.0507 

25 

111,408 

0.314 

0.0460 

25 

138,985 

0.520 

0.420 

30 

65,456 

0.310 

0.0387 

30 

55,829 

0.397 

0.0414 

35 

23,419 

0.396 

0.0419 

35 

23,754 

0.425 

0.0417 

40 

16,344 

0.255 

0.0364 

40 

15,618 

0.260 

0.0371 

D 

20 

171,492 

0.370 

0.0599 

20 

325,308 

0.279 

0.0474 

25 

103,377 

0.291 

0.0469 

25 

73,884 

0.449 

0.0537 

30 

31,957 

0.416 

00516 

30 

33,188 

0.358 

0.0508 

35 

15,002 

0.195 

0.0505 

35 

1,253 

0.240 

0.1055 

(1)  Average  of  2  Results  —  Data  Obtained  by  Wright  Laboratory  Using 
DADTAC  Contract  Fatigue  Specimens 
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